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Chapter 1
Photochemical Tools Including Photocaged Complexes

Chapter 1

1.1. Introduction
A greater emphasis on controlling processes instead of relying on observational
research is the hallmark of modern experimental biology. Combining observation and
manipulation can help establish a more detailed understanding of complex processes.
Synthetic mediators including fluorescent sensors and actuators have become
increasingly popular for monitoring and attenuating biological processes respectively.1-3
Since even miniscule changes in concentrations of molecules and ions can have profound
effects on homeostasis, signal transduction and metabolism; synthetic mediators often are
chosen to probe these phenomena. Development and application of such tools requires
significant expertise in several other diverse areas including synthetic chemistry and cell
biology. The multi-disciplinary nature of these types of investigations requires
collaboration between scientists with different backgrounds. The end users must convey
the requirements and needed improvements to tool developers, and synthetic chemists
must be cognizant to pursue high priority targets.
Metal ions trigger, modulate, and terminate numerous biological processes in all
living organisms.4-7 The study of metal ion homeostasis, transport, and regulation has a
profound impact on understanding basic physiology. Fluorescent sensors for metal ions
have been developed extensively over the last three decades (Figure 1.1).8-11 Seminal
work by multiple international research groups has facilitated a sophisticated
understanding of sensor photochemistry as well as the specific requirements for applying
these tools to biological problems. Imaging studies with fluorescent sensors have
provided important information about basal concentrations levels, fluctuations and
mobility, and pathway disruptions of metal ions. While small molecule sensor
2
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development has become relatively standardized, the development of metal ion actuators
for biological applications has received less attention.

Figure 1.1. Sensing action of a fluorescent metal sensor. None-emissive sensor emits light upon
biding of metal ion M2+ and illumination with light of characteristic wavelength typically it being
the maximum absorption wavelength λmax.

The role of Ca2+ as a biological signaling agent began receiving increased attention in
the 1970s, but the development of new photochemical tools ushered in a new era of
bioinorganic chemistry. The research group led by Roger Tsien played a key role in the
development of small molecule fluorescent sensors for Ca2+.12 Using a Ca2+-selective
EGTA (ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid) chelator and
different organic fluorophores, the Tsien group took advantage of several signal
transduction mechanisms to develop a family of probes engineered to interrogate Ca2+
signals in a variety of systems (Figure 1.2). These Ca2+ probes as well as the sensors
developed in the ensuing years for other metal ions, allowed biological events to be
visualized that would otherwise only be detectible by indirect techniques.

3
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Figure 1.2. Fluorescent sensors with Ca2+binding domain of BAPTA: Dichlorofluoresceine based
probe of CG-1 (abs = 505 nm, em = 530 nm), Fura-2 ((abs = 340/380 nm, em = 510 nm),
Rhodamine based probe.13-15

Sensors are powerful tools for observation, but lack the ability to manipulate
biological events. Achieving a complete understanding of metal ion homeostasis requires
additional chemical tools with the ability to precisely control the delivery of metal ions.
The simultaneous development of photocaged Ca2+ complexes by Tsien and others
provided complementary tools for both monitoring and controlling Ca2+ concentrations
([Ca2+]). Photocaged complexes are small molecule metal ion chelators that undergo a
light-initiated change in binding affinity (Figure 1.3). To date, photocaged complexes
have been almost exclusively based on the photochemistry of nitrobenzyl groups, which
were developed originally as protecting groups in organic synthesis and to control the
delivery of bioactive small molecules like amino acids.16-18

4
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Figure 1.3. Uncaging of a photocage. Release of metal ion M2+ following light triggered
uncaging and consequential fragmentation of the chelator.

To be compatible with biological experimentation, photocaged complexes must
satisfy several requirements.

2,3,19,20

From a chemical perspective, an ideal photocaged

complex should undergo an efficient photolysis reaction that results in formation of
photoproduct with significantly reduced affinity for the metal ion compared to the parent
chelator.3 The photocaged complex must effectively isolate the metal ion from ligand
exchange with proteins and other biological ligands, while the photoproducts must bind
more weakly than the targeted cellular receptors. In the context of photocages, an
efficient reaction proceeds with a high quantum yield and fast kinetics. In addition to a
fast organic reaction, the kinetics of the metal ion release from the chelator following
photolysis should be rapid enough to simulate biological events. The photocage should be
stable in cytosol in its complexed and apo form, and the photocage as well as the
corresponding photoproducts should have limited toxicity.
Photocaged complexes have many similarities to fluorescent sensors, but also have
key differences with respect to photophysics and metal ion binding properties. The
uncaging process requires radiation of sufficient energy to break chemical bonds, so the
5

Chapter 1

ability to employ longer wavelength irradiation is inherently limited using standard
excitation techniques. Unlike sensors, photocaged complexes need not possess absolute
metal ion binding selectivity when applied in metallated form if ligand exchange
reactions with endogenous metal ions are slow.

1.2.

General Information on Photocaged Complexes for Ca2+

A significant proportion of the early work with metal ion signaling focused on
intracellular Ca2+ concentration ([Ca2+]i) fluctuations. Photocaged complexes provided a
convenient methodology to modulate [Ca2+]i semi-quantitatively with temporal and
spatial control, replacing less precise techniques.21-23 Controlling [Ca2+]i by microinjection
of calcium salts or increasing cell membrane Ca2+ permeability lacks such specificity or
reproducibility; in addition, photocaged complexes allowed rapid changes in intercellular
[Ca2+] by a predetermined amount and to maintain the elevated [Ca2+]i for sufficient
amount of time to measure physiological or biochemical process.24

Figure 1.4. Light induced release of Ca2+ from a metal complex of Nitr-5.

6
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The Ca2+ photocages developed by the Tsien group utilized the nitrobenzyl
photoprotective group incorporated into a benzhydrol-derived ligand.

19,19,25

benzhydrol

(1,2-bis(o-

functionality

is

integrated

into

a

BAPTA

chelator

The

aminophenoxy)ethane-N,N,N’,N’-tetracidic acid), which is based on the Ca2+-selective
EGTA ligand, but shows greater pH insensitivity owing to the replacement of the
aliphatic amines with aniline groups. Photolysis converts the substituent para to the Ca2+binding aniline into an electron withdrawing carbonyl group, which decreases the relative
metal ion affinity of the ligand. The reduction of electron density on the Ca2+-bound
nitrogen atom stems from the creation of a resonance interaction between the aniline lone
pair and the carbonyl oxygen (Figure 1.4).26,27 These photocaged complexes make Ca2+
biologically unavailable prior to photolysis and are collectively referred to by the
shorthand nomenclature Nitr photocages (Figure 1.5).
The first generation of the Nitr compounds represented a major advance in Ca2+
delivery, but was also limited with respect to biological applications.28 While the
photolysis of the chelators proceeds within milliseconds (Nitr-5 = 0.27 ms, Nitr-7 = 1.8
ms), the quantum yields are relatively low (5%), and the Ca2+ affinity difference between
the parent chelator and the photoproducts changes only about 40-fold. In effort to
increase the magnitude of change in Ca2+ binding affinity, the number of bound nitrogen
atoms affected by photolysis was doubled by preparing Nitr-8 which contains a
nitrobenzyl group on each of the aromatic rings of BAPTA.19 While the improvement in
affinity changes was significant, approximately 3000-fold, the quantum yields remained
low (2.6%) and the kinetics of metal ion release are slower. The most recent addition to

7
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the Nitr family of Ca2+ photocages, Nitr-T, mimics the design of Nitr-8. Nitr-T

Figure 1.5. The family of Ca2+ binding Nitr photocages that share the same metal releasing
mechanism of photolysis induced decrease in electron density and consequential lowering of
metal complex stability.

incorporates both the BAPTA receptor and two nitrobenzyl groups.29 Photolysis first
results in the formation of an asymmetric mononitrosobenzophenone intermediate that
8
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undergoes the second photoreaction to yield the final dinitrosobenzophenone
photoproduct. The photoproducts were observed by both UV-Vis and

1

H-NMR

spectroscopy. The Ca2+ affinity of Nitr-T changes over 3000-fold from 0.52 µM to 1.6
mM following photolysis but the quantum yield is still relatively low (12%) because of
the photochemistry of nitrobenzyl photocaging groups.

Figure 1.6. Light induced release of Ca2+ from a metal complex of Azid-1.

Improving the quantum yield in Nitr like compounds has proven impossible because
of the identical uncaging photochemistry of the nitrobenzyl groups. To overcome these
limitations, Azid-1 with a structure inspired by Ca2+ fluorescent sensor fura-2, was
developed.30 Azid-1 incorporates BAPTA Ca2+ receptor and an azido substituted
benzofuran group that functions as the photocaging group.31 Photolysis results in the
formation of an electron withdrawing benzofurane-3-one with a quantum yield of nearly
100% (Figure 1.6). The enhanced photo-sensitivity, rapid photolysis rate and over 500fold change in Ca2+ affinity are ideal photocage properties but a complicated synthesis
has prevented further use and commercial availability.
An alternative strategy for photocaging Ca2+ was developed by Tsien contemporaries
Kaplan and Graham that involves reduction in metal denticity as the Ca2+ releasing
strategy.32,33 In these Ca2+ photocages, the photolysis of the nitrobenzyl group results in
9
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the scission of the backbone of the chelator, which leads to reduction in the chelate effect.
As exemplified by DM-Nitrophen, directly linking the nitrobenzyl group to an amine of
an EDTA (ethylenediamine-N,N,N',N'-tetraacetic acid) receptor breaks the chelator into
two fragments upon exposure to light (Figure 1.7). Compared to the Nitr photocages,
DM-Nitrophen exhibits a markedly higher quantum yield of photolysis (18%) and a large
difference in affinity between the photocage (7 nM) and the photoproduct (4 mM).33,34
The approximately 50,000-fold change of the Ca2+ affinity is partially offset by the Ca2+
buffering capacity of the photoproducts and the high affinity of the photocage for Mg2+
(Kd = 1.7 µM).35,36

Figure 1.7. Light induced release of Ca2+ from metal complex of DM-Nitrophen.

To circumvent the selectivity issue, the second generation photocage, NP-EGTA
utilized an EGTA receptor (Figure 1.8). Photolysis leads to rapid carbon-nitrogen bond
cleavage (τ = 2 µs) and the affinity decreases from 80 nM for the photocage to 1 mM for
the photoproducts, which improves Ca2+ buffering capabilities.37-39 While the quantum
yield of the NP-EGTA (23%) exceeds those of Nitr compounds, the efficiency of
photolysis is seriously limited by the compound’s low absorbance (975 M-1 cm-1).
Replacing the simple nitrobenzyl group with the analogous dimethoxy derivative
provides DMNPE-4, and doubles the photolysis efficiency by significantly increasing
10
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absorbance (5,100 M-1 cm-1). Despite the improved optical properties, the rate of
photolysis decreases (τ = 30 µs).40

Figure 1.8. The family of Ca2+ binding photocages that share the same metal releasing
mechanism of photolysis induced fragmentation of the EDTA and EGTA ligands.

The most recent photocage developed by the Ellis-Davies research team utilizes
EGTA chelator with a novel chromophore of nitrodibenzofuran (NBF). While
nitrobenzyl photocages are notoriously resistant to multi-photon excitation, NBF allows
for two-photon excitation and makes NBF-EGTA the first photocaged complex without
the need for near-UV excitation. NBF-EGTA binds Ca2+ with a Kd of 100 nM, which
drops to about 1 mM upon photolysis. In addition to retaining favorable metal ion
binding properties, the photocage also has a high quantum yield (70%) and extinction
coefficient (18,400 M-1 cm-1).41

11
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Table 1.1. Properties of Ca2+ Photocages

Photocage Kd
Photocage

Ca2+

Mg2+

Photoproduct Kd
Ca2+

∆K d[a]

Apo

Ca

Rate of photolysis (s-1)

Rate of Ca2+ release (s-1)

Nitr-5
145 nM 8.5 mM
6.3 µM
40
0.012 0.035
2.5 × 103
ND
3
Nitr-7
54 nM 5.4 mM
3.0 µM
50
0.011 0.042
2.5 × 10
ND
Nitr-T
520 nM
ND
1.6 mM
>3,000 0.056 0.12
ND[b]
ND
Azid-1
230 nM 8.0 mM
120 µM
500
0.9
1.0
ND
ND
[c]
[c]
[c]
4
DM-Nitrophen 7.0 nM
2.5 µM 3.1 mM , 89 µM
>400,000 0.18 0.18
8 × 10
3.8 × 104
[c]
[c]
5
NP-EGTA
80 nM
9.0 mM
1.0 mM
>10,000
0.2
0.23
5 × 10
6.8 × 104
DMNPE-4
48 nM
10 mM
2.0 mM
>40,000 0.09 0.09
3.3 × 104
4.8 × 104
NDBF-EGTA 14 nM[d] 15 mM
1.0 mM[d]
>70,000
0.7
0.7
ND
2.0 × 104
Dissociation constants (Kd) values are given for pH 7.3 and ionic strength of 0.1 unless otherwise indicated. [a] Kd = (Kd photoproduct)/(Kd
photocage). Kd provides a measure of the magnitude of binding constant change for comparing different photocages. [b] not determined [c]
pH 7.2 [d] pH 7.5
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1.3.

Investigation of Ca2+ Signaling with Photocaged Complexes

Steady increases in [Ca2+]i from constant light exposure and incremental increases
from partial photocage photolysis have been achieved with Nitr-5 and Azid-1. The
constant reestablishment of equilibration between high affinity photocages and low
affinity photoproducts occurs at a rate that is much faster than the rate of photolysis. The
[Ca2+]i rises continuously as determined by the total concentration of the low and high
affinity species present.26,42 The concentration of photoproducts, released analyte and
unreacted photocage can be calculated using the total concentration of the photocage, the
intensity of light source and the quantum yield of the photoreaction.43,44
Predicting the amount of Ca2+ released becomes more complicated in large cells
because light intensity decreases going through the cytosol.45 In Nitr-5, light absorbance
by photoproducts (apo, 24,000 M-1 cm-1; [Ca(Nitr-5)]2-, 10,000 M-1 cm-1) also leads to
gradual reduction in efficiency of photolysis due to screening of excitation light. When
photoproduct light absorbance is significantly lower as in Azid-1, the situation is
reversed. Circumventing these complications when applying Nitr photocages to
biological problems requires correcting for the spatial distribution of light intensity
(Beer’s Law) and diffusion.46 These predictions in the spatial and temporal changes in
[Ca2+]i have been confirmed with Ca2+ sensors.47 Quantifying changes in [Ca2+]i for
experiments utilizing NP-EGTA follow analogous procedures used with Nitr compounds.
Modeling the behavior of DM-Nitrophen remains difficult due to competitive binding
with Mg2+ and competing endogenous buffers on total concentrations of Ca2+.34,48 Use of
DM-Nitrophen requires experimentation under Mg2+ deplete conditions.

13

Chapter 1

Ca2+ triggers numerous important biological processes. Since concentration of Ca2+ in
extracellular fluids (approximately 10-3 M) is 104 times higher than the resting
concentration of the intercellular Ca2+ (approximately 10-7 M), cells utilize Ca2+ as a
second messenger.49 The movement of Ca2+ from intracellular stores as well as in and out
of the cell via plasma-membrane channels is promoted by various extracellular
stimuli.50,51 The ability to quantitatively manipulate intracellular Ca2+ concentration
became extremely important technique for identifying these stimuli.
Early application of Ca2+ photocages involved studying Ca2+-dependent ion channels.
Changes in [Ca2+]i generated by photocaged Ca2+ complexes allowed the linear
dependability of K+ and nonspecific cation currents in Aplysia neurons to be correlated.47
Photolysis of Nitr-2 in the neurons under two electrode-voltage clamp conditions lead to
induction of large K+ channel current despite the low quantum yield (1%) and slow
photolysis (5 s-1). Similar experiments explored the role of Ca2+-activated K+ currents in
gastric smooth muscle and the M-current (IM) in sympathetic neurons (muscarine-blocked
K+ current).52,53
The mechanism of IM modulation is still not fully understood mainly due to
involvement of large number of receptors.54,55 The role of [Ca2+]i influx in receptor
activation and resultant M-current suppression was controversial due to initially
conflicting research results.56 Experiments using Nitr-5 uncovered several types of Mcurrent modulation by [Ca2+]i.53 Modest increases in [Ca2+]i (approximately 100 nM)
generated using Nitr-5 were found to enhance the IM, while large increases in [Ca2+]i from
prolonged photolysis inhibited IM. Muscarine IM suppression can be reduced and IM can
be restored with repeated photolysis of Nitr-5 during continues exposure to muscarine.
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In another study of M-current modulation, Nitr- 5 and Fura-2 were used to
simultaneously release and detect Ca2+.53 The resting [Ca2+]i between consecutive
illumination episodes was measured with Fura-2 during M-current inhibition; however,
excessive photolysis periods cause probe photobleaching, which reduced [Ca2+]i
measurement accuracy. Nitr and DM-nitrophen photocages also were used in an
analogous manner to study Ca2+ currents in dorsal root ganglion neurons, atrial and
ventricular cells as well as the regulation Mg2+-nucleotide L-type Ca2+ currents in cardiac
cells and to initiate muscle contraction.57-62
Ca2+ photocages have elucidated the roles of Ca2+ as a neurotransmitter and in
hormone release thereby advancing the understanding of basic synaptic and endocrine
physiology.39 Postsynaptic currents that precede and follow Ca2+ photorelease in
presynaptic neurons cultured in Ca2+-free media reveal that membrane potential has no
direct effect on transmitter release.63 These findings were disputed, but eventually were
confirmed using squid giant synapses and crayfish neuromuscular junctions.43,48,63,64
Mimicking naturally occurring [Ca2+]i transients at Ca2+ channels with DM-Nitrophen
during an action potential initiated transmitter release. The persistence of the release,
which lasts about 15 ms, correlates with Fura-2 [Ca2+]i measurements. Secretory phases
in bovine chromaffin cells and rat melanotrophs prior to and after exposure to increased
[Ca2+]i from DM-Nitrophen demonstrate that Ca2+ was responsible for exocytosis and
mobilization of vesicles pools in endocrine cells.65
Comprehensive understanding of the synaptic transmission, facilitation, and
depression has been established through rigorous investigation of Ca2+-dependent vesicle
mobilization.66 Experiments using photocaged Ca2+ complexes have revealed kinetic
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aspects and cooperativity in Ca2+ binding to the secretory trigger, as well as the release
kinetics dependence on local [Ca2+]i changes at the giant synapse of Held calyx, cochlear
hair cells, and photoreceptors. 67-69 These and other studies provide a roadmap that can be
applied to additional metal ions like Zn2+ that have emerged recently as potential
signaling agents.

1.4.

Zn2+ Signaling and Biochemistry

Despite a relatively low abundance in tissue between 10 and100 µg per gram, Zn 2+ is
a vital element for human biology because of its versatility. Estimates suggest that 10%
of human genome encodes Zn2+-binding motifs rich in histidine and cysteine residues,
which accounts for at least 3000 zinc proteins. In comparison, genome sequence
information indicates there are roughly 150 copper proteins and 250 nonheme iron
proteins.70-73 Proteins utilize Zn2+ for both structural and catalytic purposes, but
elucidation of the mechanisms through which zinc reaches these proteins only began
recently.
Quantitative control and distribution of Zn2+ in the cell and the body is carried out by
two families

of Zn2+

transporters (importers and exporters),

Zn2+

sensors,

metallothioneins, and proteins involved in Zn2+-dependent gene transcription.74-76 While
Zn2+ may enter/exit cells by different mechanisms, concentration gradients prevent
influx/efflux by simple cation diffusion. So far, 14 ZIP proteins that shuttle the ions into
the cytosol and 10 ZnT proteins that transport zinc out of the cytosol have been
characterized, which indicates these transporters are the major players in homeostatic
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regulation of cellular Zn2+. The detailed mechanism of Zn2+ transport as well as the fate
of the transported Zn2+ has both clinical and physiological relevance.77-80
Metallothioneins (MT) metal ion-binding proteins can accommodate up to seven Zn2+
ions in a tetrathiolate coordination environment within two cysteine rich clusters.81 The
possible functions of MTs have been debated extensively because the protein does not fit
neatly into any specific class Zn2+ proteins. Despite sharing similar coordination
environment, affinities for Zn2+ ions differ by four orders of magnitude between the
seven different binding sites with affinities for the MT-2 haloform ranging from
nanomolar to picomolar.82 Variation of affinity under physiological conditions renders
MT capable as either a Zn2+ donor or acceptor depending on extent of cysteine oxidation.
Since redox-inactive Zn2+ only binds reduced thiol/thiolate donors in MTs, cellular
redox signals can be transduced into Zn2+ signals, where [Zn2+]i increases under oxidizing
conditions and decreases under reducing conditions.83 MT nitrosylation by [Ca2+]iinitiated release of nitric oxide from nitric oxide synthase releases Zn2+ from MT
increasing [Zn2+]i.84 This simple signal transduction highlights the delicate balance
between physiological and pathological levels of Zn2+ since excessive MT oxidation can
release cytotoxic levels of Zn2+.85,86 Zn2+ homeostasis appears to be maintained by
different MTs, which are regulated and trafficked in and out of cytoplasm as well as the
mitochondria and nucleus. The driving force and possible role of Zn2+ in MT trafficking
is still unclear.
For decades, functions as a regulator of cellular signal transduction were
hypothesized for Zn2+ but evidence to support this claim emerged much later.87
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Investigations into the possible involvement of Zn2+ in intracellular signal transduction
can be facilitated by Zn2+ photocages in a manner analogous to the studies with Ca2+.
Conclusive proof of the Zn2+ signaling pathway also would require molecular targets for
[Zn2+]i fluctuations to be identified. While increases in [Zn2+]i can be generated by MT
oxidation, stimulation of protein kinase C (PKC) transport from intracellular
compartments or from the extracellular environment also could create Zn2+ signals.

88-91

Photocages could also mimic these Zn2+ releasing processes, by providing spatial and
temporal control over [Zn2+]i changes that could be monitored by orthogonal analytical
techniques.
The different types of Zn2+ signals required to mediate biological processes requires
different changes in total Zn2+ influx as well as the release time. While Ca2+ signals are
fast and immediate, Zn2+ signals can last for days. Fast zinc signals, lasting less than a
minute, were observed in cardiomyocytes, monocytes, fibroblasts, and from intracellular
stores.

89,92-94

Slower zinc signals, designated as Zn2+ waves due to the initial delay, were

observed in mast cells where [Zn2+]i rises over a period of 1 h following the initial
release.90 Even slower signals that last hours or days were observed during cell
proliferation and differentiation.95,96
Many other signals in biologgical processes provide evidence for the broad
importance of Zn2+. Zn2+ can modulate phosphorylation signals by inhibition of protein
tyrosine phosphatases (PTP) possibly by binding an active thiolate site.97 Zn2+ influences
glucose transport by phosphorylation of the insulin receptor, which affects lipids and
glucose metabolism.98 Sequestering Zn2+ with the heavy metal ion chelator TPEN
(N,N,N',N'-tetra(2-pyridyl)-1,2-ethanediamine) suppresses phosphorylation and the
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downstream pathways in insulin signaling while increasing [Zn2+]i mediated by Zip7
inhibited phosphatases.97,99 In similar manner, Zn2+ effects epidermal growth factor (EGF)
signaling as well as pathways involving mitogen–activated protein kinase (MAPK) and
protein kinase C (PKC). 100-102
Intercellular Zn2+ signal transduction requires high [Zn2+] to be released. Since normal
[Zn2+]i must be low to maintain homeostasis, large amounts of free Zn2+ must be
mobilized from vesicular stores.103 Contents analysis of isolated vesicles by X-ray
absorption fine structure (XAFS) indicate that the pools of low molecular weight Zn2+
available for ligand exchange reactions and chelation is bound to sulfur, nitrogen, and
oxygen containing ligands.104 Concentration measurements of chelatable Zn2+ with
fluorescent sensors indicated that most eukaryotic cells contain low nanomolar to high
picomolar [Zn2+]i.92,105,106 Accumulation Zn2+ in vesicles requires active transport that is
mediated by ZnT-2.107 Vesicular zinc can be found in nerve terminals, somatotrophic
cells of pituitary gland, zymogene granules in pancreatic acinar cells, β-cells of the islets
of Langerhans, cells of intestinal crypt, prostate cells, epididymal ducts, and
osteoblasts.108 Function of the released, extracellular Zn2+ is still under investigation.

1.5.

Development of Zn2+ Photocages

The emerging interest in studying Zn2+ homeostasis and signaling encouraged our
group to initiate the development of Zn2+ photocages. The initial design strategy adopts
the concepts pioneered for Ca2+ photocages by integrating nitrobenzyl groups into Zn2+binding receptors. The first class of photocages, inspired by Ellis-Davies DM-Nitrophen,
has been designated as ZinCleav compounds to denote the metal ion of interest (Zinc) and
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the release strategy (bond cleavage).109,110 Similar to DM-Nitrophen, ZinCleav photocages
bind tightly before photolysis, but the reductions in chelate effect due to scission of the
receptor backbone, which leads to the formation of two photoproducts, reduces Zn2+
affinity (Figure 1.9).

Figure 1.9. Light induced release of Zn2+ from metal complex of ZinCleav-1.

ZinCleav-1 utilizes the tetradentate EBAP (ethylene-bis-α,α’-(2-aminomethyl)pyridine) receptor and binds Zn2+ with moderately high affinity (Kd = 0.23 pM, Figure
1.10).110 Upon irradiation with 350 nm light, ZinCleav-1 splits into two weakly binding
fragments containing 2-(aminomethyl)pyridine ligands (Kd ≈ 40 mM). The large 108-fold
decrease in Zn2+ affinity plus moderate quantum yield of [Zn(ZinCleav-1)]2+ (1.7%)
make ZinCleav-1 an attractive for biological studies; however, many cells maintain basal
Zn2+ concentrations at levels where addition of [Zn(ZinCleav-1)]2+ would perturb
homeostasis prior to photolysis. ZinCleav-1 is most applicable for cells where free Zn2+
concentrations are maintained between 5 pM and 2 nM.
Intracellular Zn2+ have been estimated to reach mM levels implying abundance of
Zn2+ in cellular environment but the total concentrations of free or loosely chelated zinc
could be as low as 2 nM or one zinc ion per cell in certain organisms and types of cells. 111
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This six order of magnitude difference in concentration suggests that [Zn2+]i is highly
regulated. In order to expand the capacity of ZinCleav photocages to answer biological
questions, work on the second generation compound focused on increasing the affinity of
the Zn2+ receptor. Substitution of tetradentate EBAP with a hexadentate TPEN ligand
provides ZinCleav-2 with an increased binding affinity for Zn2+ (Kd = 0.4 fM) which will
reduce ligand exchange between proteins and [Zn(ZinCleav-2)]2+ near the limit possible
with small molecule chelators.109 Photolysis of ZinCleav-2 leads to formation of two
photoproducts each with a dipicolylaniline (DPA) ligand that binds Zn2+ with affinity (Kd
= 158 nM) that exceeds that of the ZinCleav-1 photoproducts. Increased complex
stabilities for ZinCleav-2 and its photoproducts will lower the resting concentration of
[Zn2+]i before and after photolysis compared to ZinCleav-1. Since intracellular
concentration of Zn2+ can vary between different types of cells, the resting concentration
of Zn2+ had been determined with HySS computer program for six hypothetical scenarios
where physiological levels of [Zn2+] vary between 1 fM and 790 pM. Increased buffering
capacity of ZinCleav-2 allows for sustainment of low resting Zn2+ concentrations while
permitting for significant enough release of free Zn2+ following photolysis. Lower
complex stability for the ZinCas-1 phtoproduct requires that an excess amount of apoZinCast-1 will be added prior to photolysis event to maintain physiological levels of
[Zn2+]i.
The ZinCast photocages, which are alternatives to ZinCleav complexes, combine the
nitrobenzhydrol group utilized in Nitr compounds with Zn2+ binding ligands.112,113 Like
ZinCleav photocages, the ZinCast nomenclature evokes both the metal ion (Zinc) as well
as the release mechanism (casting off). Exposure of ZinCast to light converts the
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benzhydrol to a benzophenone that reduces Zn2+ affinity due to partial delocalization
anilino lone pair onto the carbonyl oxygen (Figure 1.11). In contrast to ZinCleav

Figure 1.10. The Cleav family of Zn2+ binding photocages that share metal releasing mechanism
of photolysis induced fragmentation of the poly-pyridyl ligand.

compounds, the nitrosobenzophenone photoproducts (ZinUnc) are often stable enough to
be isolated for analysis allowing for greater accuracy in affinity change calculations. The
first photocage in the series, ZinCast-1, incorporates the tridentate DPA receptor and
binds Zn2+ with Kd = 14 µM. The 400-fold decrease in Zn2+ affinity following irradiation
is eight orders of magnitude greater than that measured for similar Ca2+ photocages;
however this magnitude of change is strongly influence by solvent. 112-113
Comparative studies with the two ZinCast-1 analogs ZinCast-2 and ZinCast-3
revealed systematic trends in metal binding properties as a function of chelate ring size
(Figure 1.12).113 Expansion of the alkyl linker between the aniline nitrogen atom and the
pyridine moiety from a methylene to an ethylene leads to formation of 5,5-, 5,6-, and 6,6chelate rings for ZinCast-1, ZinCast-2, and ZinCast-3 respectively. The three ZinCast
photocages appear to experience NAniline –Zn bond lengthening as chelate size increases.
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Shortening of the Zn–NAniline bond in [Zn(ZinCast-3)]2+ results in the largest change in
Zn2+ affinity after photolysis for the series. The stronger Zn–NAniline interaction appears to
increase the quantum yield for [Zn(ZinCast-3)]2+ photolysis in comparison to the other
ZinCast complexes. Unfortunately weak binding constant for ZinCast-3 and low water
solubility render this compound unfit for any biological application.

Figure 1.11. Light induced release of Zn2+ from metal complex of ZinCast-1.

Inclusion of multiple nitrobenzhydrol groups into a ZinCast-like construct has a
similar impact on changes in metal binding affinity upon uncaging. The DiCast series of
compounds adopt the Cast nomenclature with the prefix Di- to denote the presence of two
nitrobenzyl groups.114 To increase Zn2+ offloading capabilities, while preserving the µM
affinity of ZinCast-1, a DPA chelator was expanded by additional aniline to form the four
nitrogen donor receptor in DiCast-1 that was then functionalized with two
nitrobenzhydrol groups. To quantify the effect of the second chromophore on affinity
changes following photolysis, the related photocage MonoCast with only one nitrobenzyl
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group was prepared. Photolysis of [Zn(DiCast-1)]2+ decreases Zn2+ affinity from 20 µM
to 3.8 mM as measured in ethanol. The second nitrobenzyl group significantly increases
Zn2+ release in DiCast-1, which exhibits a 190-fold decrease in Zn2+ affinity upon
photolysis. While decrease in affinity after photolysis for DiCast-1 is considerably larger

Figure 1.12. The family of Zn2+ binding Cast photocages that share the same metal releasing
mechanism of photolysis induced decrease in electron density and consequential lowering of
metal complex stability.
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than that for all related cast photocages functionalized with one nitrobenzyl group under
the same conditions, the changes in Nitr-8 and Nitr-T significantly exceed the ones
determined for DiCast-1, and all the experiments were performed in non-aqueous
solvent.19,29
To increase DiCast complex stability, novel receptor with a bridging pyridine that
brings together two aniline photocaging ligands was designed. The chelator also
incorporates two additional pendant ligands to provide the tripyridyl photocage DiCast-2
and DiCast-3 that contains two carboxylate groups. DiCast-2 binds Zn2+ with a Kd = 8.7
µM in ethanol. Unlike other Cast photocages where increasing the Zn2+ affinity reduces
affinity changes upon uncaging, the change in metal affinity for DiCast-2 is 2.5 times
larger than that of DiCast-1. In DiCast-3, the charged carboxylates enhance the water
solubility enough to conduct all the experiments in aqueous solution. DiCast-3 possesses
a Kd of 7.8 µM, but photoproduct instability makes quantifying affinity changes upon
photolysis impossible.
Since cell studies of Zn2+ releasing photcages are pending only predictions on how
efficient Cast and Cleav photocages can be in cellular environment can be made. Stability
constants for all [Zn(ZinCast)]2+ photocages (Kd ≈ µM) are significantly lower than
stabilities for zinc complexes of endogenous proteins therefore it is evident that the caged
Zn2+ can be easily transferred to proteins like metallothioneins that exhibit stability
constants in nM-pM range. Additionally, low Zn2+ buffering power of these Cast
photocages could potentially perturb the cellular equilibrium before the photolysis event
rendering the photocage ineffective. Zinc binding properties for Cleave photocages
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approach top affinity values reported for biological sites and with light induced ~108 fold

Figure 1.13. The family of Zn2+ binding DiCast photocages that incorporate two photolabile
groups of nitrobenzhydrol and their reference photocage of MonoCast.

decrease in affinity for ZinCleave-2, the desired perturbation in cellular Zn2+
concentrations could theoretically be achieved. However, as it is the case with Cast
photocages, photolysis of ZinCleav-1 and ZinCleav-2 suffers from great inefficiency
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rendering both Cast and Cleav photocages inadequate for studies of Zn2+ signaling
pathways. Furthermore low solubility of the cage complexes with all pyridine ligands as
well as their net charge complicates their cellular application further.
Table 1.2. Properties of Zn2+ Photocages

Kd for Zn2+ complexes[a]
Photocage

Photocage

Apo

∆Kd

Photoproduct

Zn

ZinCast-1

14 µM[b]/61 µM[c]

5.6 mM[b]/5.6 mM[c] 400[b]/92[c]

0.007[c] 0.022[d]

ZinCast-2

0.25 mM[d]/8.6 µM[e]

NA[d]/48 µM[e]

NA[d]/6[e]

0.004[c] 0.018[d]

ZinCast-3

3.1 mM[d] /33 µM[e]

NA[d]/3.8mM[e]

NA[d]/115[e] 0.002[c] 0.012[e]

ZinCast-4

11 µM[c]/12 µM[d]

56 µM[c]/11 µM[d]

4b/1[d]

0.006[c] NA

ZinCast-5

14 µM[c]/15 µM[d]

NA[c]/NA[d]

NA[c]/NA[d]

0.010[c] NA

MonoCast

14 µM[d]/12 µM[e]

0.19 mM[d]/14 µM[e] 14[d]/1[e]

DiCast-1

20 µM[d]/12 µM[e]

3.8 mM[d]/27 µM[e]

[d]

[e]

[d]

[e]

190[d]/2[e]
[d]

[e]

ND

ND

ND

ND

DiCast-2

8.7 µM /10 µM

4.2 mM /3.3 µM

480 /330

ND

ND

DiCast-3

7.8 µM/5.0 µM[d]

NA

NA

ND

ND

ZinCleav-1 0.23 pM

~40 mM

~1011

0.022

0.017

ZinCleav-2 0.9 fM

0.158 µM

~108

0.047

0.023

[a] The binding constants were determined in aqueous buffer solution (50 mM HEPES, 100 mM KCl, and pH
= 7.0) unless otherwise indicated. [b] 20% DMSO-aqueous buffer (50 mM HEPES, 100 mM KCl, and pH =
7.0) [c] 20% EtOH-aqueous buffer (50 mM HEPES, 100 mM KCl, and pH = 7.0) [d] EtOH [e] CH3CN.

1.6.

Copper

Cu2+ and Cu+ participate in various biological processes in protein-bound form.
Copper redox activity drives cofactor function in cytochrome c oxidase (CcO),
superoxide dismutase (SOD), ceruloplasmin, dopamine β monooxygenase, and other
enzymes that catalyze oxidation-reduction reactions.115-119 The interconversion between
cuprous and cupric forms is utilized to facilitate electron transfer reactions, but
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uncontrolled redox process can also contribute to oxidative damage through the
formation of reactive oxygen species (ROS).120 To prevent cellular damage, copper levels
are strictly regulated by mechanisms of sequestration into cysteine rich metallothionein
and phytochelatin complexes, and exportation by translocating ATPases.121 Oxidative
stress and elevated copper levels in brain have correlation with neurodegenerative
disorders, so neural copper homeostasis has received increasing attention. 122,123
Like Zn2+, copper distributions vary in the brain with the highest concentrations
reaching mM levels in the part of brainstem involved in responses to stress and panic and
the region of midbrain implicated in dopamine production. 124,125 Transport and regulation
of neural and hepatic copper is carried out by ATPases ATP7A and ATP7B, and genetic
mutations that lead to malfunction of these proteins are associated with inherited neural
copper deficiency or Wilson disease.126 While transmembrane transport proteins are
involved in cellular uptake of copper (Ctr) in yeast and mammals, prion protein (PrP) and
amyloid precursor protein are copper uptake/efflux proteins found only in brain.127-129
Micromolar levels of intracellular copper trigger rapid endocytosis and degradation of
Ctr, millimolar concentrations prompt endocytosis of PrP. 128,130
Copper chaperones conduct intracellular Cu+ transport to cellular targets. Three
mammalian chaperons have been identified: Atox1 that loads Cu+ into Golgi ATPases,
CCS that delivers Cu+ to SOD, and Cox17 that transports Cu+ to mitochondrial CcO.131-133
The remarkable similarity in mammalian and yeast copper metabolism has help elucidate
mechanisms of human copper homeostasis since yeast can be readily manipulated
genetically; however, there are still many unanswered questions regarding function of
“free” copper in higher organism neurophysiology and neuropathology.127,134,135
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Figure 1.14. Metal catalyzed oxidation of thiols (RSH) with production of H2O2 and sequential
formation of radical hydroxide in metal catalyzed Fenton reaction. 136

Metallochaperones and other regulatory proteins traffic Cu+ and maintain
homeostasis. Protein facilitated copper homeostasis is particularly important since Cu+
disproportionates in water and readily reacts with O2. While Cu2+ exists transiently
during electron transfer and O2 reaction in copper proteins, the reducing environment of
the cell renders Cu+ the most prevalent oxidation state. During breakdowns in
homeostasis, Cu2+ can potentially participate in oxidative stress by catalyzing the
formation of hydroxyl radicals from hydrogen peroxide (Figure 1.16). A Cu2+ photocage
would allow such processes to be simulated and also provides a tool to generate
hydroxide radicals inside cells in a controlled manner. ZinCleav and ZinCast bind Cu 2+
more tightly than Zn2+ and Cu2+ readily displaces Zn2+ from the complexes; however,
photocages also have been designed specifically for Cu2+.
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Figure 1.15. Light induced release of Cu2+ from metal complex of H2cage.

The first generation photocage, H2cage, incorporates tetradentate bis(pyridylamide)
chelator, which fragments at a C-NAmide bond site to form two bidentate photoproducts
(Figure 1.17).137 The H2cage binds Cu2+ tightly (16 pM) at pH 7.4 with the loss of two
protons to afford a neutral bisamidate complex of Cucage. The high quantum yield (32%)
compared to structurally similar photocages is attributed to the amide group. ZinCleav
and ZinCast photolysis efficiency is significantly reduced by resonance interactions
between electron lone pairs on nitrogen and the aci-nitro intermediate formed upon
excitation of the nitrobenzyl chromophore (Figure 1.16).138 In H2cage, the amide carbonyl
provides an alternative resonance interaction for the nitrogen lone pair, which likely
accounts for the increased quantum yield. While delocalization of the nitrogen lone pair
onto the amide carbonyl improves the efficiency of photolysis, it also leads to reduced
Cu2+ affinity when compared to ZinCleav-1; however, a positive artifact of the
amide/amidate ligand is the low affinity of the photoproducts for metal ions, meaning
there is essentially no buffering of the released copper. While the oxidation state of the
released copper was not determined, Cu+ is the more likely product of the photoreaction,
which then undergoes quick oxidation to Cu2+.
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Figure 1.16. Resonance delocalization of aniline lone pair of electrons onto aci-nitro intermediate
and consequential reduction in uncaging efficiency (A). Two possible resonance delocalizations
of amide lone pair of electrons (B).

To increase Cu2+ affinity of the photocages, a series of second generation compounds
was prepared.139 Replacement of a pyridine ligand with an imidazole group (Imcage) or
amine donor (Amcage) alleviates steric restraints and allows for the formation of a square
planar complex with increased stability. Replacement of pyridine nitrogen with more
basic nitrogen of an aliphatic amine in Amcage or the expansion of the 5-membered ring
to a 6-membered one in Imcage made Cu2+ complexes less stable. Addition of extra
pyridyl group to H2cage to form 3arm-3 photocage as well as conversion of pendant
amine in Amcage to DPA to form 3arm-1 photocage also failed to increase affinity for
copper.
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Table 1.3. Properties of Cu2+ Photocages

Kd for Cu2+ complexes[a]
Photocage

Photocage

Photoproduct

∆Kd

Apo

Cu

H2cage

16 pM

21 nM

1300

0.73

0.32

Imcage

NA

14 nm

NA

NA

NA

Amcage

200 pM

22 nM

110

NA

NA

3arm-3

NA

13 nM

NA

NA

NA

3arm-1

NA

0.92 nM

NA

NA

NA

3Gcage

0.18 fM

NA

NA

0.66

0.43

ZinCleav-1

~0.05 fM

0.23 pM

~4600

0.022

0.017[b]

[a] 50 mM HEPES buffered to either pH 7 or 7.4. [b]  of Zn2+ complex

ZinCleav-1 binds Cu2+ more tightly than H2Cage (Table 1.3), so based on the results
from synthetic and metal binding studies, the design of 3Gcage replaces one of the amide
groups for a secondary amine to enhance the binding affinity.139 The substitution
increases Cu2+ affinity by nearly five orders of magnitude (Kd = 0.18 fM) while the
quantum yield remains nearly constant (43%). While both ligands function efficiently as
Cu2+ photocages, an intrinsic redox activity of copper triggers production the hydroxyl
radicals following photolysis with UV light.140 The cytotoxic activity of [Cu(3Gcage)]+ in
cancer cells was investigated by releasing Cu2+ with UV light. Photo-induced Cu2+
release in HeLa cells triggers hydroxyl radical production by a Fenton-like reaction and
leads to reduction in cells viability with IC50 value of ~75 µM. The combination of the
Cu delivery through [Cu(3Gcage)]+ photolysis of with nontoxic level of H2O2 initiated
nonapoptotic cell death and further lowered the IC50 to ~30 µM.
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Figure 1.17. The family of Cu2+ binding photocages that share metal releasing mechanism of
photolysis induced fragmentation of the amide bond on the poly-pyridyl ligand.

In addition to transport and delivery, Cu+ has also been implicated in signaling.141,142
Designing a photocage for Cu+ presents both synthetic and receptor design challenges.
CuproCleav-1 was prepared by a pathway derived from the synthesis of the ZinCleav
photocages (Figure 1.18).143 The receptor consists of two bis-(2-ethylthioethyl)amine
groups. The thioether groups provide both selective binding as well as Cu+ stabilization in
water. CuproCleav-1 binds Cu+ with a Kd of 54 pM, interacts very weakly with Zn2+ and
Cu2+ and has photophysical properties similar to the ZinCleav compounds. Despite
representing a significant advance in photochemical tools for Cu+, the hydrophobic
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thioether ligands compromise the water solubility of the photocage in addition to
providing the necessary metal binding properties. The biological importance of Cu+
warrants future efforts to design more bio-compatible CuproCleav photocages.

Figure 1.18. Light induced release of Cu+ from metal complex of CuproCleav-1.

1.7.

Iron

Like copper, iron has two common oxidation states in biology, and similar functions
in electron transfer and dioxygen chemistry. Iron is implicated in many critical biological
processes like respiration, DNA synthesis, energy generation, photosynthesis, and
nitrogen fixation.144-148 At physiological pH the solubility of Fe3+ in water is very low
(approximately 10-17 M) and while Fe2+ solubility is significantly higher (approximately
10-1 M), Fe2+ readily oxidizes to Fe3+ forming insoluble oxides and hydroxides. While
iron solubility under physiological conditions presents a transport problem, Fe2+/Fe3+
redox cycling can be deleterious to cells and tissues.149 Activation of dioxygen by ferrous
iron leads to formation of reactive superoxide but it is the participation of ferric iron in
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ROS producing Haber-Weiss reaction that can lead to extensive oxidative cell damage.150
For these reasons cells have developed an intricate system of proteins that permit
transport, storage, and homeostasis of iron.151 Ferric iron is reduced to Fe2+ it is
transported across enterocyte membrane by the divalent metal transporter 1 (DMT1), but
knowledge of intracellular processes is limited.152 Iron enters the circulatory system
through ferroportin transport, and after oxidation, transferrin (Tf) scavenges Fe3+.

153

Tf

binds Fe3+ very strongly (10-22 M) and prevents reaction with hydrogen peroxide.154
Cellular uptake of iron proceeds through endocytosis when diferric Tf binds to its cellular
receptor (TfR1).155 Subsequent iron release from Tf is reduced to Fe2+ and internalized by
DMT1 into endosomes.
While the majority of iron in cells is tightly complexed in proteins a small amount of
iron remains in the free state.156,157 Weakly bound intracellular Fe2+ in the labile iron pool
(LIP) consists of low molecular weight iron complexes and high molecular weight
intermediates.158 Weakly bound iron could readily participate in oxidative damage by
ROS generation, so other methods of intracellular iron transport have been considered. 159
To prevent oxidative damage, cells tightly control iron uptake, metabolism, and storage.
Cellular iron metabolism is controlled by iron the responsive proteins IRP1 and IRP2 that
respond to fluctuations in labile iron. IRPs regulate expression of proteins involved in
iron homeostasis through translational control.157 Systemic iron levels are coordinated by
hepcidin, a peptide that triggers ferroportin degradation and blocks the iron release from
enterocytes.160 Prolonged disturbance in iron absorption and trafficking can lead to
pathological conditions and death.161 Many aspects of iron metabolism and homeostasis
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are still not completely understood, particularly with respect to the LIP.

162

Both

fluorescent sensor and photocaged complex development are in the early stages. 163
Environmental iron is widely available in the form of water insoluble iron (III) oxide.
Acquisition of this biologically essential metal by many aquatic microorganisms is
facilitated by secretion of low molecular weight Fe3+ chelators called siderophores.164
Siderophores utilize one of three types of chelators to coordinate environmental Fe3+:
catechols, hydroxamic acids, and α-hydroxy-carboxylic acids. While catecholate
siderophores are photoreactive even in their apo form, α-hydroxy-carboxylate
siderophores become photosensitive only upon Fe3+ complex formation.

165-166

Photolysis

of ferric complexes of α-hydroxy-carboxylic acid siderophores with UV light induces
ligand oxidation and release of CO2, which is complemented by reduction of Fe3+ to
Fe2+.167,168 Studies of citric acid siderophores called aerobactins lead to conclusion that
photooxidized aerobactin remains in the complexed form with Fe3+ due to comparable
stability constants for the aerobactin and its photoproduct. 168 While the Fe2+ is effectively
released by the photolyzed aerobactin, quick re-oxidation of released iron leads to
formation of the Fe3+ complex with a newly formed photoproduct. Ferric complexes of βhydroxyaspartate siderophores known as aquachelins also undergo UV photolysis with
oxidation of the ligand and reduction of Fe3+ but reaction is believed to be radicalbased.166 The Fe3+ complex is formed by coordination of two hydroxamate groups and
one β-hydroxyaspartate residue found at pepditic group of the fatty acid tails of
aquachelins. Determination of the binding constants for aquachelin and its photoproduct
revealed that Fe3+ affinity decreases from 1012.2 M-1 to 1011.5 M-1 following partial
photolytic ligand breakdown. While the fate of the photoreleased Fe2+ is not known, it is
36
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believed that some of the Fe2+ is available for biological reuptake while the rest gets
quickly re-oxidized and scavenged by strong Fe3+ ligands.

Figure 1.19. The family of α-hydroxyacid acid based photocages that are designed to bind Fe2+
and photorelease Fe3+.

Figure 1.20. Light induced release of Fe2+ from metal complex of Petrobactin

Inspired by the photochemistry of siderophores and a need for iron releasing
photocages, Baldwin and co-workers prepared a suit of five α-hydroxyacid acidcontaining chelates designed to bind Fe3+ and photorelease Fe2+.169 Each of the ligands
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contributes a bidentate salicylidene moiety (Sal) and a bidentate α-hydroxyacid acid
(AHA) moiety that functions also as a light sensitive unit. Iron (III) complexes were
characterized as trinuclear clusters with the alkoxo oxygen from AHA moiety bridging
the individual iron ions. Analysis of electrospray ionization mass spectra of all five
complexes revealed that the trimeric structures predominate in methanolic solutions.
Stability constants for four of the complexes had been determined with cyclic
voltammetry and their values place Sal-AHA chelates between those found for
hydroxamate containing siderophores (log K < 32) and those of the catecholate
containing siderophores (log K > 43). Rates of Fe2+ production were observed to be
effected by the electron withdrawing/donating groups on the phenolate moiety, where an
increase in rate of photolysis was observed in chelates that demonstrated reduced electron
donor ability on the phenolate group.

Figure 1.21. Light induced release of Fe3+ from metal complex of FerriCast.
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An attempt in development in Fe (III) photocage that utilizes o-nitrobenzyl group and
the N-phenyl-1-oxa-4,10-dithia-7-azacyclododecane (AT212C4) macrocycle was inspired
by a selective Fe (III) fluorescent sensor.170 FerriCast binds Fe3+ ions in organic solvents
in 1:1 and 1:2 stoichiometry and while conversion of the photocage with UV light to its
photoproduct leads to reduction in Fe3+ affinity, introduction of oxygen containing
solvents to assays triggers rapid decomplexation of metalated FerriCast.171

1.8.

Other metals

While photocages for other metal ions may be useful, there are relatively few
available. CrownCast-1, which utilizes the same metal releasing mechanism as Nitr and
ZinCast compounds, functions as group II cation receptor with modest selectivity and
affinity in non-aqueous solution.172 Additional CrownCast photocages can selectively
bind Hg2+ and Pb2+, but the metal ion affinity changes upon photolysis is negligible. 173
Similar metal binding behavior has been observed in ArgenCast complexes that utilize a
3,6,12,15-tetrathia-9-azaheptadecane receptor for Ag+ in mixed solvent.174 None of the
compounds developed to date are suitable for biological applications, which represents an
opportunity for future investigations.

1.9.

Conclusions

In addition to necessary signals, disruption in the acquisition and trafficking of metal
ions may contribute to neurodegenerative diseases. While significant progress has been
made in the fields of molecular and cellular biology, the role of metal ions in biological
and pathological processes are beginning to be defined. Despite evident importance of
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conducting research in metallobiology, investigations are limited by the available tools.
Fluorescent sensors have been invaluable to studying the functions of Ca2+, Zn2+, Cu+ and
many other metal ions. The corresponding photochemical tools for delivering Ca2+ into
cells and tissues have seen widespread use to uncover and decipher signaling pathways,
and provide an important roadmap for developing the methodologies necessary to
investigate other metal ions. As evidenced by the early work with Zn2+, Cu+/2+ and Fe3+,
new functions for these metal ions may soon be uncovered, and previous hypotheses can
be tested.
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Quantifying factors that influence metal ion release in
photocaged complexes using ZinCast derivatives

Chapter 2

2.1. Introduction
Molecular photocages undergo irreversible photoreactions to trigger the release of
a bioactive product.1, 2 The photocaging substituent renders the analyte inactive prior to
photolysis. Upon uncaging, concentration fluxes of the released photoproduct perturb
biochemical processes. The response elicited can be monitored and quantified with an
orthogonal analytical technique. Uncaging can be focused in space or modulated in time
the so concentration of analyte and location of its release can be controlled. A variety of
bioactive molecules have been successfully incorporated into photocages facilitating the
study of numerous intra- and extracellular processes.2,

3

In addition to photocaged

molecules, divalent metal ion photocaged complexes have had a significant impact on the
study of signal transduction.4-6 Photocaged complexes helped provide a deeper
understanding of Ca2+-signaling in neurons as well as other Ca2+-induced processes in
non-neuronal cells. While physiological signaling roles of Ca2+ are well-established,
similar functions for Zn2+ have been proposed, but not proven unequivocally.7-9
To facilitate the study of Zn2+ signaling in biology, we are developing both Cast
and Cleav photocaged Zn2+ complexes with release mechanisms analogous to those
exploited in Ca2+ systems.10-12 ZinCast-1 integrates an N,N-dipicolylaniline (DPA)
chelating moiety with a nitrobenzhydrol caging group.11 Photolysis of [Zn(ZinCast1)(H2O)2]2+ is initiated by the light-induced abstraction of the benzylic hydrogen atom
onto the excited nitro group yielding aci-nitro intermediate (Figure 2.1). The intermediate
decomposes

to

a

nitrosobenzophenone photoproduct

[Zn(ZinUnc-1)]2+.11 After

photolysis, the [Zn-DPA]2+ complex stability is decreased due to delocalization of the
anilino lone pair onto the carbonyl oxygen of nitrosobenzophenone. Photolysis of
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[Zn(ZinCast-1)]2+ in aqueous solution (50 mM HEPES, 100 mM KCl, 20 % DMSO, pH
7) leads to ~400-fold decrease in Zn2+ affinity.

Figure 2.1. Uncaging action of ZinCast-1. Upon irradiation, the nitrobenzhydrol (red) is
converted into a benzophenone. The decrease in electron density on the aniline nitrogen atom due
to the new resonance interaction between the aniline lone pair and the carbonyl oxygen reduces
the binding affinity of the uncaged ligand.

The magnitude of the decrease in metal binding constant in ZinCast-1 after
photolysis is an order of magnitude greater than that measured for nitrobenzhydrol-based
Ca2+ photocages.13 The efficacy of photocaged complexes for probing biological
signaling is directly related to the change in metal ion affinity upon uncaging. Rationally
predicting the binding affinity changes at the design stage would greatly expedite the
development of photocaged complexes with the desired properties. There are wellestablished qualitative rules for predicting relative metal ion affinity in multidentate
ligands based on chelate ring size, so study of related ZinCast derivatives could provide
insight into rules for predicting photocaging properties.
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2.2. Design and synthesis of ZinCast photocages
The uncaging mechanism in nitrobenzhyrol-based photocages involves lightinitiated formation of an aci-nitro intermediate that subsequently decomposes into a
nitrosobenzophenone photoproduct.14, 15 In Cast and Nitr metal photocaged complexes,
photoproduct formation triggers partial delocalization of a metal-bound aniline lone pair
onto the carbonyl oxygen, which reduces the chelator’s metal ion affinity. 4, 16 The change
in metal binding equilibrium after uncaging increases the concentration of free metal ion.
Practical photocages must release sufficient quantities of the metal ion analyte to trigger
the biological process under investigation, so the photocage must possess a relatively
high affinity before uncaging that is drastically reduced following photolysis. Initially,
the binding affinity of ZinCast-1 was determined spectrophotometrically by titrating 25
μM ligand solutions with Cu2+, Zn2+, and Cd2+ and monitoring the erosion of the
absorption band at λ ~ 260 nm that corresponds to the metal-binding aniline group. In
aqueous solution (50 mM HEPES, 100 mM KCl, pH 7.0, 20 % DMSO), ZinCast-1
exhibited a Kd of 14 μM (log K = 4.9) and a photolysis quantum yield of 0.7 %. While the
ΔKd for the Ca2+ photocage Nitr-5 decreases ~40-fold upon uncaging, ZinCast-1
exhibited more dramatic changes in Zn2+ affinity (ΔKd = 400, ΔK = 2.1). To compare
photocages, the change in Zn2+ affinity due to photolysis of ZinCast photocage is
expressed as ratio of photoproduct’s stability constant (ZinUnc Kd) to the photocage’s
stability constant (ZinCast Kd), ΔKd = (ZinUnc Kd)/(ZinCast Kd). All changes can also
been expressed as ΔK, where ΔK = (ZinCast K)/(ZinUnc K) and K = -log[Kd].
In subsequent studies, the metal binding properties of ZinCast-1 and its
photoproduct ZinUnc-1 were evaluated in EtOH and CH3CN; in addition, the aqueous
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data was reacquired using EtOH as a co-solvent to avoid the spectral overlap between
ZinCast-1 and DMSO (Table 2.1). The metal binding affinity of ZinCast-1 and ZinUnc-1
Table 2.1. Metal binding properties of ZinCast-1
M2+

Solvent

[M(ZinCast-1)]2+ [M(ZinUnc-1)]2+

Zn2+

CH3CN

9.7 × 10-6 ± 0.4

Cu

Cd2+

-5

ΔK

1

1

EtOH

1.3 × 10 ± 0.2

3.5 × 10 ± 0.1

3

1.1

20 % EtOH/Buffer

6.1 × 10-5 ± 0.1

5.6 × 10-3 ± 0.1

92

1.8

20 % DMSO/Buffer
2+

-5

9.7 × 10-6 ± 0.2

ΔKd

-5

1.4 × 10 ± 0.1
b

CH3CN

NA

EtOH

7.2 × 10-6 ± 0.1

-3

5.6 × 10 ± 0.1
NA

-6

b

7.2 × 10-6 ± 0.3
-5

400
NA

b

2.1
NA b

1

1

20 % EtOH/Buffer

8.5 × 10 ± 0.1

1.5 × 10 ± 0.1

2

1.1

CH3CN

7.9 × 10-6 ± 0.3

3.1 × 10-5 ± 0.1

EtOH
20 % EtOH/Buffer

-5

1.7 × 10 ± 0.1
-4

3.7 × 10 ± 0.1

4

1.1

-4

48

1.5

-2

49

2

8.2 × 10 ± 0.2
1.8 × 10 ± 0.1

a

The 1:1 M/L binding constants were calculated with XLfit. 34 b Cu2+ oxidizes aniline
compounds in CH3CN, so no binding constants could be measured.

are influenced by the solvent. While Zn2+ affinity is the highest in CH3CN (Kd = 9.7 μM),
the ΔKd is the largest in aqueous solution. Replacement of DMSO with EtOH reduces
ΔKd by a factor of ~4. The reduction in ΔKd is caused by weakened stability constant of
[Zn(ZinCast-1)]2+ in presence of EtOH. Changes in ligand solvation by ethanol and
subsequent competition for Zn2+ ions by solvent molecules are hypothesized to decrease
complex stability.17 The reduced basicity of anilino nitrogen in ZinUnc-1 moderates the
solvation differences and results in nearly identical binding constants in both aqueous
mediums.
Given the solvent-based affinity variability, as well as the goal of tuning
photocaged complex properties for biological applications, new ZinCast derivatives were
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sought to systematically study trends in metal ion binding affinity. Since ligand structure
influences metal ion affinity as well, studying variations of the ZinCast-1 framework
provides a simple means to investigate the metal binding properties of photocaged
complexes. Two complementary ZinCast derivatives where envisioned where the alkyl
linker between the aniline nitrogen atom and the pyridine moiety is extended from a
methylene to an ethylene spacer. This strategy provides three related photocages where
the magnitude of the ΔKd should be independent of ancillary donor groups (pyridine) and
changes in the anilino nitrogen atom basicity (Figure 2.2).

Figure 2.2. Structure of ZinCast-2 and ZinCast-3. In ZinCast-1, the two methylene linkers
between the nitrogen atom and the pyridine ring lead to the formation of 5,5-chelates with the
guest metal ion. ZinCast-2 and ZinCast-3 systematically replace the methylene spaces with
ethylene units that lead to 5,6- and 6,6-chelates upon metal ion binding.

Zn2+ possesses a great degree of conformational flexibility because of its d10
configuration. Zn2+ frequently forms complexes of both octahedral and tetrahedral
geometry. Zn2+ complexes of the tridentate ligands bis(2-pyridylmethyl)amine (BPA) and
bis(2-pyridyl-2-ethyl)amine (BPEA) have been characterized crystallographically. 18 The
complexes adopt distorted mononuclear octahedral and dinuclear tetrahedral structures
respectively, where the open coordination sites are occupied by water molecules and/or
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perchlorate anions. The distortion of the geometry in the BPA ligand structure is the
result of a small bite angle (Npy–Zn–Namine angle of 79.99º and 79.69º) that leads to
formation of a long Namine–Zn bond (Namine–Zn 2.142 Å vs. Npy–Zn 2.080 Å). The Namine–
Zn bond is shorter in BPEA (Namine–Zn 2.022 Å vs. Npy–Zn 2.012 Å) because of tendency
of 6-membered chelate rings to adopt a cyclohexane-like conformation (Npy–Zn–Naniline
angle of 101.4º and 100.4º). While the Zn2+ complex of the hybrid N-[2-(pyridine-2yl)ethyl]-N-(pyridine-2-ylmethyl)amine has not been characterized structurally, the
Namine–M bond should have an intermediate length between BPA and BPEA. A
systematic change in Namine–Zn interaction should provide context for the ΔK values for
different ZinCast ligands, which utilize aniline analogs of these chelators. Metal
complexes with 6-membered rings should experience more profound decrease in affinity
following photolysis due to greater proximity of anilino nitrogen and the metal.
Conformational flexibility of Zn2+ as well as Cu2+ allows for investigation of different
binding motifs in ZinCast photocages. BPA complex with Cu2+ adopts distorted
mononuclear square-pyramidal geometry with all three nitrogen atoms coordinating and
chloride ions at the remaining two sites.19 High proximity of the coordinating Npy with an
average distance of Npy–Cu of 2.006 Å should induce high stability for Cu2+ complexes
as well as small changes in affinity upon photolysis.
The 5,5-ligand N-phenyl-di(2-picolyl)aniline (10) and 6,6 ligand N,N-bis[2(pyridine-2-yl)ethyl]aniline

(8)

were

prepared

by alkylation

of

aniline

with

picolylchloride hydrochloride and vinyl pyridine respectively. The asymmetric 5,6-ligand
was prepared by controlled addition of vinyl pyridine (6) to give N-[2-(pyridine-2yl)ethyl]aniline (9) followed by reductive amination with 2-pyridinecarboxaldehyde.
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ZinCast-1 can be prepared by the classical TMSOTf–promoted (trimethylsilyl
trifluoromethanesulfonate) electrophilic aromatic substitution reaction in 58.1 % yield
after isolation and purification (Scheme 2.1).11 The TMSOTf methodology was used to

Scheme 2.1. Synthesis of ZinCast Photocages

prepare ZinCast-2 and ZinCast-3 in 79.6 % and 70.9 % yield respectively. The lutidine
base and TMSOTf are added incrementally to maximize yields. All three compounds are
isolated as yellow solids after purification by flash chromatography. ZinCast-1 also can
be prepared by either a benzophenone reduction strategy or a Pd-catalyzed cross-coupling
reaction described previously (Scheme 2.2).11 The Pd-based methods are particularly
convenient for making nitrobenzhydrol derivatives that cannot be prepared with TMSOTf
methodology.
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Scheme 2.2. Alternative synthesis pathways to ZinCast-1.

2.3. Aniline Basicity
The introduction of an electron withdrawing carbonyl group upon uncaging
modulates the electron density on the nitrogen atom. The electron density correlates with
the nitrogen atom’s basicity, and insight into the variation would facilitate designing
photocages with improved properties. To quantify the changes, the nitrobenzhydrol
adduct of N,N-dimethylaniline (DMACast) and the corresponding photoproduct
(DMAUnc) were prepared. DMACast was prepared using TMSOTf in 89.6 % yield
(Scheme 2.3), and photolysis of DMACast with 1000 W xenon lamp provided DMAUnc
in 59.8 % yield. DMACast allows quantification of the aniline basicity independent of the
pyridine ligands, which are susceptible to protonation. In aqueous solution
dimethylanilinium and pyridinium ions exhibit pKa values of 5.1 and 5.2 respectively.20, 21
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Scheme 2.3. Synthesis of DMACast and DMAUnc.

In protic solvents, the apparent pKa of the DMACast aniline nitrogen is 4.0, which
decreases to 1.8 for DMAUnc as measured by monitoring changes in the absorption
spectrum at 265 nm (Table 2.2). The trend in pKa changes with DMACast is consistent
with the metal ion uncaging behaviour of ZinCast-1, but the magnitude of change in
ΔpKa is larger than that for Zn2+ with the photocage (ΔK = 1.8) under the same
conditions. Differences are even more pronounced in CH3CN where ΔpKa for DMACast
is 1.9, but there is no measureable change in log K for ZinCast. The results suggest an
important correlation between ligand geometric constraints, metal–nitrogen bonding
interactions and ΔK.
Table 2.2. pKa of DMACast and DMAUnca

Solvent
CH3CN
EtOH
20 % EtOH

[H(DMACast)]+ [H(DMAUnc)]+
4.8 ± 0.1
2.5 ± 0.2
4.0 ± 0.1
~ 1.5
4.0 ± 0.1
1.8 ± 0.2

pKa
1.9
2.7
2.2

a

Values obtained by UV-vis spectroscopy by monitoring changes at
~265 nm for DMACast and 350 nm for DMAUnc.

2.4. Metal-binding Properties of ZinCast Photocages
Metal binding between select divalent cations and the ZinCast photocages were
investigated spectrophotometrically in CH3CN, EtOH, and aqueous 20 % EtOH (50 mM
70

Chapter 2

HEPES, 100 mM KCl, pH 7.0). Metal ion insolubility/hydrolysis combined with the
weak affinity of the new photocages prevented acquisition of a complete data set in
Table 2.3. Metal binding properties of ZinCast-2 and ZinCast-3.
M2+

Solvent

[M(ZinCast-2)]2+

[M(ZinUnc-2)]2+

ΔKd

ΔK

Zn2+

CH3CN

8.6 × 10-6 ± 0.3

4.8 × 10-5 ± 0.1

6

1.2

Cu2+ c
Cd2+

EtOH

2.5 × 10 ± 0.1

NA

NA

NAb

EtOH

7.4 × 10-6 ± 0.2

1.1 × 10-5 ± 0.1

1.5

1

1.9

1.1

CH3CN

-4

b

-5

-5

1.3 × 10 ± 0.1

2.5 × 10 ± 0.2

EtOH

6.5 × 10 ± 0.1

NA

NA

NAb

M2+

Solvent

[M(ZinCast-3)]2+

[M(ZinUnc-3)]2+

ΔKd

ΔK

Zn2+

CH3CN

3.3 × 10-5 ± 0.1

3.8 × 10-3 ± 0.1

115

1.9

Cu2+ c
Cd2+

-4

b

b

-3

b

b

NA

b

NA

NAb

EtOH

~3.1 × 10

EtOH

2.9 × 10-5 ± 0.2

NAb

NAb

NAb

CH3CN

1.8 × 10-4 ± 0.1

NAb

NAb

NAb

EtOH

NAb

NAb

NAb

NAb

a

The 1:1 M/L binding constants were calculated with XLfit. 14 bM2+ affinity
was too weak to be accurately assessed. Metal ion insolubility/hydrolysis at
higher concentrations precluded accurate determination of binding affinity in
aqueous conditions. cCu2+ oxidizes aniline compounds in CH3CN, so no
binding constants could be measured.

aqueous solution and ethanol (Table 2.3). Aniline-derived absorption band for
[Zn(ZinCast-1)]2+ was observed at λmax ~ 260 nm while the same absorption band for
[Zn(ZinCast-3)]2+ was shifted to λmax ~ 275 nm (Figure 2.3). In addition to bathochromic
shifting of aniline derived absorption band, a new absorption band of low extinction
coefficient (ε = 6600) at λ ~ 355 nm developed. The erosion of these bands upon the
addition of metal ions allowed binding affinity to be quantified. Binding studies of
ZinUnc-1 and ZinUnc-2 in CH3CN were carried out by monitoring of formation of
absorption band at ~290 nm and erosion of benzophenone charge transfer band at ~345
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nm. [Zn(ZinUnc-3)]2+ exhibited a bathochromic shift of λmin to ~360 nm and formation of
two absorption bands at ~265 and ~323 nm (Figure 2.4).
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Figure 2.3. Titration of 25 μm ZinCast-1 (top) and ZinCast-3 (bottom) with Zn(ClO4)2 in
CH3CN. The absorbance was fitted to a 1:1 binding isotherm (inset). The error bars represent the
variance in the measurements over three trials.

72

Chapter 2

Metal ions binding in ZinCast-1, ZinCast-2, and ZinCast-3 photocages and the
corresponding photoproducts, lead to formation of metal complexes with 5,5-, 5,6- and
6,6-chelate rings correspondingly. Large and medium sized metal ions typically favor 5membered chelate rings with a small N–M–N angle (~70°) and long N–M bonds (~2.5
Å), whereas small metal ions prefer 6-membered chelate rings with larger N–M–N angles
(~100°) and a short N–M bond (~1.6 Å).22 While these conformations reduce strain
energy, they have a significant effect on the stability of the metal complexes. Medium
size ion like Zn2+ will prefer to coordinate tridentate ligand with 5,5-chelate rings like
DPA. As a consequence complex stabilities increase systematically 5,5 > 5,6 > 6,6 as
predicted. Increasing the length of the link between anilino nitrogen and pyridine has an
overall destabilizing effect on metal complexes of ZinCast photocages. This effect is
even more pronounced for the metal complexes of ZinUnc which results in steadily
increasing change in metal affinity (ΔKd) upon uncaging.
Comparison of bond distances in Zn2+ complexes with BPA and BPEA shows a
more pronounced elongation of the Naniline–Zn bond (Δ = 0.120 Å) than in Npy–Zn (Δ =
0.066 Å), which is consistent with similar [Zn(DPA)]2+ structures.18, 23-25 These results
suggest that Naniline–Zn bond in [Zn(ZinCast-1)]2+ might be longer than the Naniline–Zn
bond in [Zn(ZinCast-3)]2+ complex. Since stability of the studied photocaged complexes
decreases in opposing direction to the shortening of the Naniline–Zn bond, we hypothesize
the Npy-Zn interactions are more significant to complex stability in ZinCast-1. This
behavior is also consistent with the trends in ΔKd. A longer Naniline–Zn bond in ZinUnc-1
would significantly reduce the effect of decreased electron availability after uncaging
which leads to a small ΔKd and relatively high affinity for Cu2+ and Zn2+. In contrast,
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Figure 2.4. Titration of 25 μm ZinUnc-1 (top) and ZinUnc-3 (bottom) with Zn(ClO4)2 in CH3CN.
The absorbance was fit to a 1:1 binding isotherm (inset). The error bars represent the variance in
the measurements over three trials.

[Zn(ZinUnc-3)]2+ where the Naniline–M is predicted to be shorter, the availability of lone
pair of electrons is enhanced. Subsequent photolysis and delocalization of the lone pair
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on the carbonyl oxygen leads to more efficient release of the coordinated metal and large
ΔKd. Ligands with 5,5-chelates effectively coordinate metal ion with all three nitrogen
atoms. Inclusion of additional carbon in the backbone of the ligand enhances the
contribution of the Naniline–Zn bond to complex stability.
Stability constants for complexes of ZinCast and ZinUnc follow hard soft acid
base (HSAB) principle and conform to Irving-Williams series. All stability constants
decrease according to the following pattern: Cu2+ > Zn2+ > Cd2+, however change in
affinity ΔKd has an opposing trend: Cu2+ < Zn2+ < Cd2+. This pattern implies that as the
affinity for the metal increases, coordination by the pyridyl nitrogen atoms becomes more
significant. While the pKa of the anilino nitrogen is affected by photolysis of the all the
ZinCast photocages, the reduced nucleophilicity will only diminish cation affinity if the
aniline nitrogen atom and the metal ion guest are in close proximity.

2.5. Design of 2nd Generation ZinCast Photocages
While changing ZinCast-1 structure led to improvements in ΔKd, increasing the
Zn2+ affinity while preserving a relatively high ΔKd is necessary to apply ZinCast
photocages to problems in biology. Cells typically maintain [Zn2+] concentration as subnM levels, and an effective photocage cannot perturb this homeostasis prior to uncaging.
We reasoned that increasing the denticity of ZinCast-1 by incorporating a weakly
coordinating methyl ether would experience increased complex stability without
compromising metal ion release upon uncaging. The high affinity observed in structurally
related fluorescent sensors for Zn2+ with multiple additional chelating ligands suggest
that additional ligands appended to the ether oxygen might impair metal ion release.26, 27
The second generation photocage ZinCast-4 that incorporates an aryl ether ligand with
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the DPA ligand was prepared by Pd-catalyzed cross-coupling between the boronic ester
of the ligand and the corresponding aldehyde in 43 % yield (Scheme 2.4).

Scheme 2.4. Synthesis of ZinCast-4 and ZinCast-5.

In all the Cast and Cast-like photocaged complexes described to date, the aniline
nitrogen occupies the position para to the pendent caging group. Although metal ion
release relies primarily on resonance interactions between the aniline lone pair and the
carbonyl oxygen formed upon photolysis, an analogous resonance interaction between
the aniline lone pair and the aci-nitro intermediate generated upon exposure to light
appears to reduce the quantum yield of uncaging. 28 The competing considerations of high
metal ion affinity and maximizing the uncaging efficiency make designing photocages
that use this release mechanism particularly challenging. Since inductive effects might
also contribute to changes in metal ion affinity, ZinCast-5, where the positions of the
DPA and methoxy group were exchanged, also was prepared for analysis (Scheme 2.4).
With the less electron-donating methoxy group in the para position, we hypothesized that
the quantum yield might be improved without significantly compromising the ∆Kd.
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Table 2.4. Metal binding properties of ZinCast-4 and ZinCast-5 a
M2+

Solvent

[M(ZinCast-4)]2+

[M(ZinUnc-4)]2+

ΔKd

Zn2+

EtOH

1.2 × 10-5 ± 0.2

1.1 × 10-5 ± 0.1

1

1
1.2

EtOH/buffer

-5

5.6 × 10 ± 0.1

4

-6

1.1 × 10 ± 0.3

-5

ΔK

Cu2+

EtOH

7.5 × 10 ± 0.1

8.2 × 10-6 ± 0.1

1

1

2+

EtOH

7.0 × 10-6 ± 0.2

1.1 × 10-5 ± 0.1

2

1

EtOH/buffer

9.8 × 10-6 ± 0.1

4.9 × 10-5 ± 0.1

4

1.2

M2+

Solvent

[M(ZinCast-5)]2+

[M(ZinUnc-5)]2+

ΔKd

ΔK

Zn2+

EtOH

1.5 × 10-5 ± 0.2

NAb

NAb

NAb

EtOH/buffer

1.4 × 10-5 ± 0.3

NAb

NAb

NAb

EtOH

1.4 × 10-5 ± 0.1

NAb

NAb

NAb

EtOH

9.8 × 10-6 ± 0.2
1.3 × 10-5 ± 0.1

NAb
NAb

NAb

NAb

NAb

NAb

Cd

Cu2+ c
Cd

2+

EtOH/buffer

a

The 1:1 M/L binding constants were calculated with XLfit. 34 bThe ZinCast-5
photoproduct could not be isolated for analysis of its metal binding properties.

The binding affinities of ZinCast-4 and ZinCast-5 solutions were measured for the
same metal ions and under the same conditions as the original ZinCast photocages. Since
ZinCast-1 exhibited no measurable ΔKd in CH3CN, no analogous measurements were
performed for ZinCast-4 and ZinCast-5. While the photoproduct of ZinCast-4 photocage,
ZinUnc-4, could be synthesized on a preparative scale to allow for direct determination of
metal ion affinities, decomposition of ZinUnc-5 made isolation of the photoproduct
impossible. Unlike the first generation ZinCast photocages, which exhibit much lower
metal ion affinities in aqueous solution, the stability of ZinCast-4 and ZinCast-5
complexes are insensitive to increasing solvent polarity. This suggests that ZinCast-4 and
ZinCast-5 are less solvated than the original photocages, which leads to decreased
competition for binding.
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While [Zn(ZinCast-4)]2+ possess a 6-fold increase in Zn2+ affinity in aqueous
solution compared to [Zn(ZinCast-1)]2+ only small changes in affinity occur following
photolysis. X-ray crystallography of an analogous model ligand suggests that any Zn–
Oether interaction in solution, if any, is probably weak since no coordination is observed in
the solid state (Figure 2.5). Analogous Cu2+ complexes also exhibit no ether
coordination.29 Instead of coordination, the methoxy group may increase the electron
density of the aryl ring and therefore modulate the anilino nitrogen-carbonyl resonance
interaction. While ΔKd for ZinCast-5 could not be determined, without a resonance
interaction with the aniline lone pair, it is unlikely the ΔKd would be large.

Figure 2.5. ORTEP diagram of ZinCast-4 model complex [Zn(23)]Cl2 showing 50% thermal
ellipsoids and selected atom labels. Hydrogen atoms are omitted for clarity.

In contrast to the Zn2+ complexes, Cd2+ appears to benefit from coordination to
the methoxy oxygen. The [Cd(ZinCast-4)]2+ and [Cd(ZinCast-5)]2+ complexes possess
stability constants that are ~40 fold higher than the Kd for [Cd(ZinCast-1)]2+ in aqueous
solution. The major disadvantage of the increased stability for these complexes is lack of
significant reduction in Cd2+ affinity in the corresponding photoproducts. The pattern of
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enhanced stability of metal-cage complex and consequential decrease in ΔKd seen for the
discussed Cd2+ complexes supports the hypothesis that the addition of strongly
coordinating pending groups to ZinCast photocages would significantly compromise Zn2+
ion release efficiency.

2.6. Uncaging of ZinCast Photocages
The efficiency of the light-induced conversion of nitrobenzhydrol based
photocages of ZinCast-1, -2, -3 into the corresponding nitrosobenzophenones can be
evaluated spectrophotometrically. The uncaging process can be quantified by monitoring
changes in absorption of ZinCast and the corresponding photoproduct ZinUnc (Figure
2.6). Quantum yields () were determined by irradiating 25 μM solutions of free ZinCast
photocages in three solvent systems with a 150 W source (λ = 350 nm). Measurement of
changes at λmax ~ 350 nm due to formation of ZinUnc as well as calibration of the light
intensity by iron oxylate actinometry allowed for calculation of  for the conversions.
All three ZinUnc derivatives were prepared in bulk by photolysis of the ZinCast
photocages in CH3CN followed by column chromatography (Scheme 2.1). Working with
ZinUnc on a preparative scale allows for accurate determination of extinction coefficients
as well as metal binding constants.
The  obtained for all three apo ZinCast derivatives were < 1 % in CH3CN and
buffered aqueous solution, but slightly higher in EtOH (Table 2.5). In the presence of
Zn2+, the  of ZinCast-3 doubled in CH3CN. The low efficiency of photolysis in
nitrobenzhydroyl photocaged complexes has been attributed to a resonance interaction
between the anilino nitrogen and aci-nitro intermediate, which perturbs the uncaging
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process.12, 28 The predicted short Naniline–Zn bond in [Zn(ZinCast-3)(H2O)2]2+ would make
the aniline lone pair less likely to engage in resonance interactions. A decrease in
resonance interaction is consistent with the higher  measured for the complex. The
same reasoning provides insight into the  obtained for DMACast and [H(DMACast)]+,
where the addition of HCl increases photolysis efficiency 7-fold. Like metal ion binding,
protonation of the anilino nitrogen would engage the aniline lone pair in a bonding
interaction inhibiting its engagement in resonance interactions.
While formation of photoproducts was followed with UV-Vis spectroscopy for
the first generation compounds initially, quantitative analysis of photolysis  was
repeated by HPLC. The average  for ZinCast-1, -2, and -3 is the same as the  obtained
for ZinCast-4 (0.6 ± 0.2), suggesting that addition of methoxy group to ZinCast-1 has
minimal influence on photolysis efficiency. Changing the position of the methoxy group
from meta to para appears to reduce resonance with the aci-nitro intermediate and
increases the quantum yield. ZinCast-5 possesses the highest quantum yield of all the
photocages screened ( = 1.0 ± 0.1).
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Table 2.5. Quantum yields of ZinCast and DMACast compounds.
Compound
ZinCast-1

ZinCast-2

ZinCast-3

DMACast

[Zn( ZinCast-1)]

2+

[Zn( ZinCast-2)]2+
[Zn( ZinCast-3)]

2+

[H(DMACast)]+

Solvent

Φphotolysis
(%)

 (cm-1 M-1)
λ = 350 nm

Efficiency
Φ×ε

CH3CN

0.7 ± 0.3

5300

37

EtOH

1.6 ± 0.7

5000

80

EtOH/buffer

0.7 ± 0.1

5600

39

CH3CN

0.5 ± 0.1

5400

27

EtOH

1.5 ± 0.2

5200

78

EtOH/buffer

0.4 ± 0.1

5100

20

CH3CN

0.6 ± 0.1

5600

34

EtOH

1.5 ± 0.1

5200

78

EtOH/buffer

0.2 ± 0.1

5700

11

CH3CN

0.6 ± 0.1

5500

33

EtOH

1.5 ± 0.1

5200

78

EtOH/buffer

0.6 ± 0.

6000

36

CH3CN

0.3 ± 0.1

5400

16

EtOH

2.2 ± 0.2

5100

112

EtOH/buffer

0.5 ± 0.3

5700

28

CH3CN

0.4 ± 0.2

5600

22

EtOH

1.8 ± 0.2

5300

95

CH3CN

1.2 ± 0.2

6300

76

CH3CN

5.1 ± 0.6

6600

337

1.9 ± 0.1

5300

101

EtOH
a

2+

Could not be determined because of Zn ion insolubility/hydrolysis.
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Figure 2.6. Photolysis of ZinCast-1 in CH3CN. Irradiation at 350 nm leads to the erosion of the
absorption band a 270 nm associated with ZinCast-1 and the concurrent formation of a band at
350 nm characteristic of the benzophenone photoproduct ZinUnc-1.

To further understand the contribution of the resonance interaction between the
aci-nitro intermediate and differently substituted aryl groups to quantum yields, mOMeCast and m-DMACast were prepared by Pd cross-coupling reaction from
corresponding boronic acids (Scheme 2.4). Changes in  for all four photocages vary
slightly depending on relative position of the methoxy group. m-DMACast with an
electron donating nitrogen in meta position experiences the lowest  (0.3 ± 0.1);
however, like ZinCast-5, m-DMACast undergoes a secondary reaction process following
photolysis that makes direct comparisons of  difficult. Substitution of dimethylamine
for a methoxy group leads to increase in  (0.8 ± 0.2), which correlates with previously
observed trend in  change as a function of the substituent’s electron donating ability.
UV-Vis spectra of first and second generation photocages share the same spectral
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features with absorption features at ~255, 300 and 345 nm. A stronger absorption of light
at 255 nm may account for the larger  measured for ZinCast-5 and m-OMeCast, while
increased absorption at λ ~300 nm seems to be associated with the unstable
photoproducts of ZinCast-5 and m-DMACast that undergo rapid secondary reactions. The
two photocages with aniline groups in the meta position initially appear to form
nitosobenzophenone based photoproducts, but instability of these compounds leads to the
formation of unidentified fluorescent compounds.

Scheme 2.5. Synthesis of m-OMeCast and m-DMACast.

2.7. Conclusion
We have synthesized three ZinCast photocages based on tridentate ligands of bispyridin-2-ylmethyl-aniline ligand (5,5 chelate ring), N-[2-(pyridine-2-yl)ethyl]-N(pyridine-2-ylmethyl)aniline

(5,6

chelate

ring),

and

N,N-bis[2-(pyridine-2-

yl)ethyl]aniline to study how size of the chelate rings effect metal ion binding affinity.
While the 5,5 chelate rings impart complex stability, the tighter binding also
compromises Zn2+ release upon uncaging. ZinCast-3, which utilizes the 6,6 metal chelate,
exhibits the biggest changes in affinity upon photolysis. We hypothesize that a shorter
Namine—M bond in ZinCast-3 induces greater dependability of the complex on the lone
pair of electrons of the anilino nitrogen. Delocalization of this pair of electrons onto
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carbonyl oxygen in the photoproduct significantly reduces stability of the metal complex
and leads to larger ΔKd.
Addition of methoxy ligands to the ZinCast-1 affords ZinCast-4 and ZinCast-5;
however, no significant perturbation in the metal binding affinity or the efficiency of
photolysis was observed. The latter conclusion is supported by investigation into the
photochemistry of the model complexes m-OMeCast and m-DMACast and DMACast
that all uncage with similar quantum yields. While the low quantum yield and weak
affinity compromise the ability of these ZinCast ligands to buffer Zn2+ under
physiologically relevant conditions, these studies provide an important roadmap for
designing photocaged complexes with predictable properties. The application of these
findings to the construction of photocages for biological applications is ongoing.

2.8. Experimental Section
2.8.1 General Procedure and Synthesis
All materials were in the highest purity commercially available from Acros
Organic or TCI America. Solvents were sparged with argon and dried in Seca Solvent
Purification
yl)ethyl]aniline

System.
(7),30

N-phenyl-di(2-picolyl)aniline

(10),11

N,N-bis[2-(pyridine-2-yl)ethyl]aniline

N-[2-(pyridine-2(8),31

and

[4-

(dimethylamino)phenyl]-(4,5-dimethoxy-2-nitrophenyl)-methanol (20, DMACast)28 were
prepared according to known procedures. All chromatography and TLC were performed
on silica from Silicycle or activated basic alumina from Acros Organics. 1H and

13

C

NMR spectra were recorded with Bruker 400 MHz spectrometer and referenced to
CDCl3. IR spectra were recorded on a Nicolet 205 FT-IR instrument and samples were
analyzed as KBr pellets. High resolution mass spectra were obtained on micromass Q84
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Tof-2TM mass spectrometer operating in positive ion mode. The instrument was calibrated
with Glu-fibrinopeptide B 10 pmol/μL by using a 50:50 solution of CH3CN/H2O with
0.1% acetic acid.
[4-(Bis-pyridin-2-ylmethyl-amino)-phenyl]-(4,5-dimethoxy-2-nitro-phenyl)methanol (1, ZinCast-1). Trimethylsilyl trifluoromethanesulfonate (TMSOTf) (1.25 mL,
6.88 mmol) was added dropwise to a mixture of 4 (0.373 g, 1.36 mmol), 6nitroveratraldehyde (11, 0.372 g, 1.76 mmol), and 2,6-lutidine (0.94 mL, 8.13 mmol) in
degassed CH2Cl2. The resulting solution was stirred for 12 h. Tetrabutylammonium
fluoride (TBAF) in THF (1 M, 4.30 mL, 15.4 mmol) was added to the reaction mixture.
After 30 min the solvent was removed under reduced pressure and product was purified
on basic alumina with EtOAc affording yellow solid (0.383 g, 58.1 %). Mp 113-114 °C.
1

H NMR (400 MHz, CDCl3) δ 8.55 (d, J = 4.0 Hz, 2 H), 7.60 (m, 3 H), 7.41 (s, 1 H), 7.21

(d, J = 8.0 Hz, 2 H ), 7.15 (t, J = 8.0 Hz, 2 H), 7.09 (d, J = 12.0 Hz, 2 H), 6.61 (d, J = 8.0
Hz, 2 H), 6.47 (s, 1 H), 4.76 (s, 4 H), 3.95 (s, 3 H), 3.92 (s, 3 H), 2.93 (s, 1 H). 13C NMR
(CDCl3, 100 MHz) δ 158.6, 153.4, 149.7, 147.9, 147.7, 139.9, 136.9, 134.8, 130.8, 128.4,
122.1, 120.8, 112.4, 110.1, 108.1, 77.3, 71.3, 57.3, 56.4, 56.3 ppm. IR (KBr) 3285, 2939,
2848, 1610-1570, 1517, 1473-1463, 1439, 1380, 1353, 1326, 1266, 1219, 1181, 1154,
1061 cm-1. HRMS (+ESI) calculated for MH+, 487.1981, observed 487.1946.
(4,5-Dimethoxy-2-nitrophenyl)(4-{[2-(pyridine-2-yl)ethyl](pyridine-2ylmethyl)amino}phenyl)methanol (3, ZinCast-2). Synthesis of ZinCast-2 followed the
same procedure as ZinCast-1 using 9 (0.58 g, 2.0 mmol), 11 (0.55 g, 2.6 mmol), lutidine
(0.35 ml, 3.0 mmol), TMSOTf (0.47 mL, 2.59 mmol), 1 M TBAF in THF (6.00 mL, 6.00
mmol). Product was purified on basic alumina with neat EtOAc affording yellow solid
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(0.801 g, 79.6 %). Mp 60-62 °C. 1H NMR (CDCl3, 400 MHz) δ 8.49 (d, J = 4 Hz, 2 H),
7.52 (m, 4 H), 7.08 (m, 6 H), 6.62 (d, J = 8 Hz, 2 H), 6.46 (s, 1 H), 4.49 (s, 2 H), 3.95 (s,
3 H), 3.91 (s, 3 H), 3.84 (t, J = 8 Hz, 2 H), 3.08 (m, 3 H). 13C NMR (CDCl3, 100 MHz) δ
159.5, 159.3, 153.6, 149.7, 147.9, 147.7, 140.2, 136.9, 136.7, 135.2, 130.4, 128.6, 123.8,
122.1, 121.7, 120.9 112.3, 110.4, 108.4, 71.5, 57.1, 56.6, 52.1, 36.0 ppm. IR (KBr) 3100,
3008, 2934, 1612, 1591, 1571, 1516, 1470, 1435, 1392, 1329, 1270, 1206, 1179, 1150,
1063, 987, 815, 796, 748 cm-1. HRMS (+ESI) calculated for MH+, 501.2138, obbserved
501.2107.
(4-{Bis[2-(pyridine-2-yl)ethyl]amino}phenyl)(4,5-dimethoxy-2-nitrophenyl)methanol
(4, ZinCast-3). Synthesis of ZinCast-3 followed the same procedure as ZinCast-1 using 8
(0.188g, 0.620 mmol), 11 (0.170 g, 0.805 mmol), 2,6-lutidine (0.11 mL, 0.95 mmol),
TMSOTf (0.15 ml, 0.83 mmol), 1 M TBAF in THF (1.86 ml, 1.86 mmol). Product was
purified on basic alumina (1:4 hexanes/EtOAc) affording orange solid (0.226 g, 70.9 %).
Mp 55-57 °C. 1H NMR (CDCl3, 400 MHz) δ 8.50 (d, J = 4 Hz, 2 H), 7.59 (s, 1 H), 7.51
(t, J = 8 Hz, 2 H), 7.46 (s, 1 H), 7.16 (d, 2 H), 7.07 (m, 4 H), 6.71 (d, J = 8 Hz, 2 H), 6.49
(s, 1 H), 3.97 (s, 1 H), 3.92 (s, 3 H), 3.61 (t, J = 12 Hz, 4 H), 3.03 (s, 1 H), 2.95 (t, J = 12
Hz, 4 H). 13C NMR (CDCl3, 100 MHz) δ 159.9, 153.7, 149.8, 148.0, 147.4, 140.3, 136.7,
135.5, 129.9, 128.8, 123.8, 121.7, 112.2, 110.5, 108.5, 71.6, 56.8, 56.7, 51.5, 36.2 ppm.
IR (KBr) 3105, 2933, 1611, 1517, 1436, 1358, 1329, 1270, 1207, 1177, 1063 cm-1.
HRMS (+ESI) calculated for MH+, 515.2294, observed 515.2288.
N-[2-(Pyridine-2-yl)ethyl]-N-(pyridine-2-ylmethyl)aniline

(9).

2-

Pyridinecarboxaldehyde (0.55 mL, 4.88 mmol) was added to a stirring solution of 7
(0.645 g, 3.25 mmol) in 30 mL of dichloroethane. After 30 min, NaBH(OAc)3 (1.03 g,
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4.88 mmol) and an additional 30 mL of dichloroethane was added. The reaction mixture
was stirred for 12 h at room temperature, the solvent was removed under reduced
pressure, 60 mL of water was added and the pH of the aqueous mixture was adjusted to
between 8-9 with 5 M NaOH. The product was extracted into CH2Cl2 (3  60 ml) and the
combined organic fractions were dried over anhydrous Na2SO4, filtered and the solvent
was removed. Flash chromatography on silica with a solvent gradient (EtOAc to 50:1
EtOAc/CH3OH) yielded the product as a clear yellow oil (0.801 g, 85.2 %). 1H NMR
(CDCl3, 400 MHz) δ 8.54 (d, J = 4 Hz, 2 H), 7.52 (m, J = 8 Hz, 2 H), 7.18 (t, J = 8 Hz, 2
H), 7.11 (m, 4 H), 6.70 (m, 3 H), 4.56 (s, 2 H), 3.90 (t, J = 8 Hz, 2 H), 3.15 (t, J = 8 Hz, 2
H).

13

C NMR (CDCl3, 100 MHz) δ 159.7, 159.6, 149.8, 149.7, 147.9, 136.9, 136.6,

129.5, 123.8, 122.0, 121.6, 120.8, 116.8, 112.4, 57.2, 52.0, 36.1 ppm. IR (KBr) 3061,
3008, 2926, 1590, 1570, 1506, 1472, 1433, 1390, 1353, 1273, 1244, 1198, 1162, 1147,
1049, 989, 943, 747, 694 cm-1. HRMS (+ESI) calculated for MH+, 312.1477, observed
312.1463.
[4-(Bis-pyridin-2-ylmethyl-amino)-phenyl]-(3,4-dimethoxy-phenyl)-methanone (15).
A 10 g potion of 84% polyphosphoric acid (PPA) was added to a suspension of 2,3dimethoxyobenzoic acid (14, 1.09 g, 5.99 mmol) in 5 mL of CH2Cl2, and the resulting
mixture was heated to 80 ºC. Compound 3 (1.65 g, 5.99 mmol) was added to the red
reaction mixture, which was stirred for an additional 2 h at 80 ºC. The dark red reaction
mixture was cooled to 0 ºC and the PPA was neutralized by adding 6 M NaOH dropwise
until the solution reached a pH of 9-10. The product was extracted into CH2Cl2 (3  50
mL) and the combined organic extracts were dried over Mg2SO4. Flash chromatography
on basic alumina with diethyl ether afforded 4 as a white solid (2.24 g, 84.9 %). Mp =
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135-136 °C. 1H NMR (CDCl3, 400 MHz) δ 8.60 (d, J = 4.0, 2 H), 7.70 (d, J = 8.0 Hz, 2
H), 7.64 (t, J = 8.0 Hz, 2 H), 7.37 (s, 1 H), 7.32 (d, J = 8.0 Hz, 1 H), 7.24 (d, J = 8.0 Hz, 2
H), 7.20 (t, J = 8.0 Hz, 2 H), 6.85 (d, J = 8.0 Hz, 1 H), 6.75 (d, J = 8.0 Hz, 2 H), 4.90 (s, 4
H), 3.92 (s, 3 H), 3.90 (s, 3 H).

13

C NMR (CDCl3, 100 MHz) δ 194.1, 157.9, 152.3,

151.8, 150.1, 149.0, 137.1, 132.7, 131.6, 127.0, 124.5, 122.5, 120.9, 112.5, 111.7, 109.9,
57.4, 56.2 ppm. IR (KBr) 3076, 3007, 2963, 2834, 1625, 1461, 1437, 1414, 1390, 1365,
1340, 1321, 1038, 992, 958, 941, 877, 841, 818, 702, 627, 510, 406 cm-1. HRMS (+ESI)
calculated for MH+, 440.1974, observed 440.2010.
[4-(Bis-pyridin-2-ylmethyl-amino)-phenyl]-(4,5-dimethoxy-2-nitro-phenyl)methanone (16). Cu(NO3)2  2.5 H2O (1.27 g, 5.46 mmol) was added to a solution of 15
(1.60 g, 3.64 mmol) in acetic anhydride (10 mL) at 0 ºC and the reaction mixture was
stirred for 12 h. Ice and 25 mL of 0.4 M EDTA were added to the solution and the pH
was adjusted to 9 with 6M NaOH. The product was extracted into CH2Cl2 (3  50 mL)
and the combined organic extracts were dried over Mg2SO4. Flash chromatography on
alumina (17:3 CH2Cl2/EtOAc) followed by recrystallization from toluene yielded 16 as a
white solid (1.00 g, 56.7 %). Mp = 200-201 °C. 1H NMR (CDCl3, 400 MHz) δ 8.59 (d, J
= 4.0 Hz, 2 H), 7.69 (s, 1 H), 7.64 (t, J = 8.0 Hz, 2 H), 7.58 (d, J = 12.0 Hz, 2 H), 7.19
(m, 4 H), 6.78 (s, 1 H), 6.69 (d, J = 12.0 Hz, 2 H), 4.87 (s, 4 H), 3.99 (s, 3 H), 3.92 (s, 3
H).

13

C NMR (CDCl3, 100 MHz) δ 191.7, 157.5, 154.0, 152.8, 150.2, 149.4, 137.2,

131.9, 131.6, 125.5, 122.6, 120.9, 112.0, 110.2, 107.1, 57.3, 56.8, 56.7 ppm. IR (KBr)
3076, 3007, 2963, 2834, 1647, 1592-1570, 1548, 1522, 1453-1440, 1408-1390, 1340,
1284, 1265, 1221, 1196, 1190, 1182, 1145, 1065, 933, 871, 824, 753, 614 cm-1. HRMS
(+ESI) calculated for MH+, 485.1825, observed 485.1780.
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[4-(Bis-pyridin-2-ylmethyl-amino)-phenyl]-(4,5-dimethoxy-2-nitro-phenyl)methanol (ZinCast-1, 1). Compound 5 (0.875 g, 1.99 mmol) was dissolved in CH3CN,
chilled to 0 °C and NaBH4 (753 mg, 1.99 mmol) was added slowly over a period of 1-2
minutes. After the addition was complete, the reaction mixture was slowly heated to 70
ºC over a period of 2 h and stirred for an additional 12 h. The reaction mixture was
diluted into 10 mL of ice water and 1 mL of conc. HCl, and the pH was adjusted to 9 with
6 M NaOH. The product was extracted into CH2Cl2 (3  30 mL) and the combined
organic extracts were dried over Mg2SO4. Flash chromatography on alumina (4:6
CH2Cl2/EtOAc) followed by recrystallization from toluene/hexanes yielded ZinCast-1 as
fine yellow crystals (0.324 g, 33.5%).
(4-Iodo-phenyl)-bis-pyridin-2-ylmethyl-amine (17). Compound 10 (0.507 g, 1.84
mmol) was dissolved in CH3CN (10 mL) and chilled to 0 ºC. [K(18-crown-6)]ICl2 (0.970
g, 1.94 mmol) was added and the reaction mixture was stirred at room temperature for 30
min. After removing the solvent, the reaction residue was diluted with 25 mL of water
and the pH was adjusted to 9 with 6 M NaOH. The product was extracted into EtOAc (3
× 25 mL), washed with saturated NaHSO3 (25 mL) and brine (3 × 25 mL) the combined
organic extracts were dried over MgSO4. Flash chromatography on alumina (1:1
hexanes/EtOAc) followed by recrystallization from hexanes yielded 5 as pale yellow
needles (0.687 g, 93.0 %). Mp 104-105 °C. 1H NMR (CDCl3, 400 MHz) δ 8.59 (d, J =
8.0 Hz, 2 H), 7.62 (t, J = 8.0 Hz, 2 H), 7.39 (d, J = 8.0 Hz, 2 H), 7.22 (d, J = 4.0 Hz, 2 H),
7.18 (t, J = 8.0 Hz, 2 H), 6.49 (d, J = 8.0 Hz, 2 H), 4.79 (s, 4 H). 13C NMR (CDCl3, 100
MHz) δ 158.5, 150.1, 148.0, 138.1, 137.1, 122.4, 121.0, 115.1, 78.6, 57.6 ppm. IR (KBr)
3048, 3006, 2927, 1862, 1585, 1494, 1469, 1435, 1383, 1357, 1278, 1254, 1235, 1195,
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1177, 1151, 1145, 1090, 1049, 1043, 665, 545, 458 cm-1. HRMS (+ESI) calculated for M
H+, 402.0467, observed 402.0458.
Bis-pyridin-2-ylmethyl-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-phenyl]amine (18). Compound 5 (0.307 g, 0.766 mmol), KOAc (0.226 g, 2.30 mmol), PdCl2 (4.1
mg, 3 mol %), PPh3 (12.1 mg, 6 mol %), bis(pinacolato) diboron (B(Pin)2, 0.214 g, 0.843
mmol) and DMSO (10 mL) were combined in a Schlenk tube. After performing three
freeze-pump-thaw cycles, the tube was filled with N2, sealed and heated at 80 ºC ± 5 °C
for 12 h. The mixture was cooled, diluted with H2O (25 mL) and extracted with EtOAc (3
× 25 mL) and dried with Na2SO4. Flash chromatography on alumina (1:1 petroleum
ether/EtOAc) yielded 6 as a white solid (0.162 g, 52.8 %). Mp 201-202 °C. 1H-NMR
(CDCl3, 400 MHz) δ 8.59 (d, J = 4.0 Hz, 2 H), 7.63-7.58 (m, 4 H), 7.20 (d, J = 8.0 Hz, 2
H), 7.17 (t, J = 8.0 Hz, 2 H), 6.69 (d, J = 8 Hz, 2 H), 4.85 (s, 4 H), 1.29 (s, 12 H). 13CNMR (CDCl3, 100 MHz) δ 158.6, 150.7, 150.0, 137.1, 136.6, 122.3, 120.9, 111.9, 83.5,
77.6, 57.2 ppm. IR (KBr) 616, 652, 750, 810, 964, 991, 1141, 1372, 1470, 1606, 2928,
2973, 3046, 3082 cm-1. HRMS (+ESI) calculated for MH+, 402.2353, observed 402.2337.
[4-(Bis-pyridin-2-ylmethyl-amino)-phenyl]-(4,5-dimethoxy-2-nitro-phenyl)methanol (1, ZinCast-1). Compound 6 (0.150 g, 0.374 mmol), 11 (79.0 mg, 0.374
mmol), tris-1-naphthylphosphine (P(Nap)3), 15.4 mg, 10 mol %), PdCl2 (6.6 mg, 10
mol%), K2CO3 (0.155 g, 1.12 mmol) and THF (10 mL) were combined in a Schlenk tube.
The tube was sealed and mixture was stirred at 60 ºC ± 5 °C for 60 h. Solvent was
removed under reduced pressure and to the resulting dark brown residue was added 50 ml
of water, the mixture was extracted with CH2Cl2 and dried with MgSO4. Flash
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chromatography on alumina with EtOAc provided ZinCast-1 as fine yellow crystals (95.2
mg, 52.3 %).
2-Methoxy-N,N-bis(pyridine-2-ylmethyl)aniline (23). Synthesis of 23 followed the
same procedure as 9 using anisidine (22, 2.23 g, 18.2 mmol), pyridinecarboxyl aldehyde
(6.14 mL, 54.6 mmol), NaBH(OAc)3 (11.5g, 54.6 mmol). The product was purified on
basic alumina (3:7 EtOAc/hexanes) affording a white solid (4.65 g, 83.8 %). Mp 76-77
°C. 1H NMR (CDCl3, 400 MHz) δ 8.46 (d, J = 4 Hz, 2 H), 7.53 (t, J = 8 Hz, 2 H), 7.47 (d,
J = 8 Hz, 2 H), 7.05 (t, J = 4 Hz, 2 H), 6.86 (m, 3 H), 6.72 (m, 1 H), 4.50 (s, 4 H), 3.82
(s, 3 H). 13C NMR (CDCl3, 100 MHz) δ 159.9, 152.8, 149.0, 139.3, 136.4, 122.5, 122.4,
121.8, 120.9, 120.8, 111.8, 58.8, 55.6 ppm. IR (KBr) 2840, 1590, 1569, 1502, 1471,
1462, 1436, 1432, 1427, 1352, 1240, 1179, 1154, 1029 cm-1. HRMS (+ESI) calculated
for MH+, 306.1606, observed 306.1618.
4-Bromo-2-methoxy-N,N-bis(pyridine-2-ylmethyl)aniline (24). Compound 23 (0.52 g,
1.7 mmol) was dissolved in CH3CN (10 mL) and [K(18-crown-6)]Br3 (1.02 g, 1.9 mmol)
was added and the reaction mixture was stirred at room temperature for 2 hr. After
removing the solvent, the reaction residue was diluted with 25 mL of water and the pH
was adjusted to 9 with 6 M NaOH. The product was extracted into EtOAc (3 × 25 mL),
washed with saturated NaHSO3 (25 mL) and brine (25 mL) the combined organic
extracts were dried over MgSO4. Flash chromatography on alumina (3:7 EtOAc/hexanes)
yielded 24 as white solid (0.638 g, 97.1 %). Mp 130-131 °C. 1H NMR (CDCl3, 400 MHz)
δ 7.47 (d, J = 4 Hz, 2 H), 7.54 (d, J = 8 Hz, 2 H), 7.41 (d, J = 8 Hz, 2 H), 7.07 (t, J = 8
Hz, 2 H), 6.94 ( s, 1 H), 6.82 (d, J = 8 Hz, 1 H), 6.70 (d, J = 8 Hz, 1 H), 4.46 (s, 4 H),
3.81 (s, 3 H).

13

C NMR (CDCl3, 100 MHz) δ 159.3, 153.5, 149.1, 138.5, 136.5, 123.6,
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122.3, 122.1, 122.0, 115.2, 114.6, 58.7, 55.9 ppm. IR (KBr) 2840, 1589, 1568, 1496,
1476, 1457, 1444, 1398, 1375, 1351, 1322, 1273, 1237, 1191, 1176, 1153, 1121, 1025
cm-1. HRMS (+ESI) calculated for MH+, 384.0711, observed 384.0736.
2-Methoxy-N,N-bis(pyridine-2-ylmethyl)-4-(tetramethyl-1,3,2-dioxaborolan-2yl)aniline (25). Compound 24 (0.51 g, 1.3 mmol), KOAc (0.0.39 g, 3.9 mmol), Pd2dba3
(15 mg, 2 mol %), DavePhos (21 mg, 4 mol%), B(Pin)2 (1.01 g, 3.9 mmol) and dioxane
(15 mL) were combined in a Schlenk tube. After performing three freeze-pump-thaw
cycles, the tube was filled with N2, sealed and heated at 110 ºC ± 5 °C for 48 h. The
mixture was cooled, washed with H2O (2 × 15 mL) and dried with Na2SO4. Flash
chromatography on alumina (2:3 EtOAc/hexanes) yielded 25 as white solid (0.549 g,
96.5 %). Mp 98-99 °C. 1H NMR (CDCl3, 400 MHz) δ 7.47 (d, J = 8 Hz, 2 H), 7.53 (t, 8
Hz, 2 H), 7.41 (d, J = 12 Hz, 2 H), 2.23 (m, 2 H), 7.06 (t, J = 8 Hz, 2 H), 6.80 (d, J = 8
Hz, 1 H), 4.56 (s, 4 H), 3.84 (s, 3 H), 1.28 (s, 12 H).

13

C NMR (CDCl3, 100 MHz) δ

159.6, 151.6, 149.0, 142.2, 136.5, 128.3, 122.2, 121.9, 119.4, 117.4, 100.1, 83.7, 58.5,
55.7, 25.0 ppm. IR (KBr) 2975, 1602, 1591, 1568, 1513, 1472, 1432, 1408, 1382, 1372,
1348, 1273, 1231, 1175, 1157, 1142, 1103, 1033, 965, 854, 769, 687 cm-1. HRMS (+ESI)
calulated for MH+, 432.2458, observed 432.2448.
{4-[Bis(lyridin-2-ylmethyl)amino]-3-methoxyphenyl}(4,5-dimethoxy-2nitrophenyl)methanol (26, ZinCast-4). Synthesis of ZinCast-4 followed the same
procedure as ZinCast-1. Compound 26 (1.00 g, 2.32 mmol), 11 (0.49, 2.32 mmol),
P(Nap)3 (96 mg, 10 mol %), PdCl2 (41 mg, 10 mol %), K2CO3 (0.96 g, 6.96 mmol).
Product was purified on silica (1:19 CH3OH/EtOAc) affording yellow solid (0.509 g,
43.0 %). Mp 180-182 °C. 1H NMR (CDCl3, 400 MHz) δ 8.44 (d, J = 4 Hz, 2 H), 7.54 (m,
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3 H), 7.42 (d, J = 8 Hz, 2 H), 7.19 (s, 1 H), 7.06 (t, J = 8 Hz, 2 H), 6.92 (s, 1 H), 6.75 (d,
J = 8 Hz, 1 H), 6.58 (d, J = 8 Hz, 1 H), 6.42 (s, 1 H), 4.45 (s, 4 H), 3.91 (s, 3 H), 3.86 (s,
3 H), 3.78 (s, 3 H), 3.28 (s, 1 H).

13

C NMR (CDCl3, 100 MHz) δ 159.7, 153.5, 152.5,

149.0, 148.0, 140.5, 139.0, 136.5, 136.1, 134.5, 122.4, 121.9, 120.3, 119.1, 111.1, 110.7,
108.2, 71.4, 58.6, 56.6, 56.5, 55.7 ppm. IR (KBr) 3269, 3009, 2936, 2835, 1591, 1571,
1519, 1466, 1439, 1431, 1325, 1273, 1256, 1218, 1159, 1067, 1034, 797, 765, 745 cm-1.
HRMS (+ESI) calculated for MH+, 517.2087, observed 517.2070.
5-Iodo-2-methoxy-N,N-bis(pyridine-2-ylmethyl)aniline (28). To a solution of 5-iodo2-methoxyaniline (27, 1.00 g, 4.02 mmol) in CH3CN (40 mL) was added 2(bromomethyl)pyridine hydrobromide (4.05 g, 16.1 mmol), potassium hydrogen
phosphate (K2HPO4) (2.80 g, 16.1 mmol), and KI (0.33 g, 2.01 mmol). After the reaction
mixture was refluxed overnight, the solvent was removed, 20 ml of water was added and
pH was adjusted to ~9. The crude product was extracted with EtOAc (3 × 20 mL) and
dried over MgSO4. Flash chromatography on basic alumina (2:3 EtOAc/hexanes) yielded
product as yellow oil (1.09 g, 63.0 %). 1H NMR (CDCl3, 400 MHz) δ 8.48 (d, J = 4 Hz, 2
H), 7.56 (t, J = 8 Hz, 2 H), 7.41 (d, J = 8 Hz, 2 H), 7.15 (m, 2 H), 7.08 (t, J = 8 Hz, 2 H),
6.57 (d, J = 8 Hz, 1 H), 4.47 (s, 4 H), 3.77 (s, 3 H). 13C NMR (CDCl3, 100 MHz) δ 159.2,
152.8, 149.2, 141.2, 136.5, 131.2, 129.5, 122.3, 122.0, 113.7, 83.3, 58.5, 55.7 ppm. IR
1589, 1569, 1494, 1462, 1433, 1402, 1375, 1296, 1239, 1178, 1148, 1094, 1047, 1024,
994, 943, 798, 761 cm-1. HRMS (+ESI) calculated for MH+, 432.0573, observed
432.0572.
2-Methoxy-N,N-bis(pyridine-2-ylmethyl)-5-(tetramethyl-1,3,2-dioxoborolan-2yl)aniline (29). Synthesis of 29 followed the same procedure as compound 18 using 28
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(0.20 g, 0.46 mmol), KOAc (0.14 g, 1.38 mmol), PdCl2 (2.5 mg, 3 mol%), PPh3 (7.3 mg,
6 mol %), B(Pin)2 (0.13 g, 0.51 mmol). The product was purified on basic alumina (6:13
EtOAc/hexanes) affording yellow solid (0.45 g, 51 %). Mp 151-152 °C. 1H NMR
(CDCl3, 400 MHz) δ 8.45 (d, J = 8 Hz, 2 H), 7.52 (m, 4 H), 7.40 (m, 2 H), 7.04 (m, 2 H),
6.85 (d, J = 8 Hz, 1 H), 4.49 (s, 4 H), 3.83 (s, 3 H), 1.25 (s, 12 H). 13C NMR (CDCl3, 100
MHz) δ 160.1, 156.0, 148.9, 139.1, 136.4, 130.4, 127.7, 122.5, 121.7, 111.1, 83.6, 58.9,
55.5, 25.0 ppm. IR (KBr) 3060, 2975, 2931, 2837, 1571, 1510, 1472, 1381, 1354, 1316,
1296, 1270, 1238, 1198, 1175, 1141, 1125, 1101, 1054, 1043, 1023, 996, 963, 949, 887,
851, 813, 773, 759. HRMS (+ESI) calculated for MH+, 432.2458, observed 432.2434.
{3-[Bis(pyridine-2-ylmethyl)amino]-4-methoxyphenyl}(4,5-dimethoxy-2nitrophenyl)methanol (30, ZinCast-5). Compound 29 (0.35 g, 0.82 mmol), 11 (0.17 g,
0.82 mmol), P(Nap)3 (34 mg, 10 mol %), PdCl2 (15 mg, 10 mol %), K2CO3 (0.40 g, 2.46
mmol). The product was purified on basic alumina (1:9 hexanes/EtOAc) affording yellow
solid (0.12 g, 30 %). Mp 135-136 °C. 1H NMR (CDCl3, 400 MHz) δ 8.39 (d, J = 8 Hz, 2
H), 7.50 (t, J = 8 Hz, 3 H), 7.37 (d, J = 8 Hz, 2 H), 7.12 (s, 1 H), 7.03 (t, J = 2 Hz, 2 H),
6.91 (d, J = 8 Hz, 1 H), 6.79 (d, J = 8 Hz, 1 H), 6.70 (s, 1 H), 6.30 (d, J = 4 Hz, 1 H), 5.28
(s, 2 H), 4.42 (t, J = 16 Hz, 4 H), 3.92 (s, 3 H), 3.86 (s, 3 H), 3.79 (s, 3 H), 2.80 (s, 1 H).
13

C NMR (CDCl3, 100 MHz) δ 159.6, 153.4, 152.3, 148.9, 147.8, 140.0, 139.3, 136.4,

134.6, 134.4, 122.3, 121.8, 121.2, 119.5, 111.4, 110.3, 108.1, 71.41, 58.68, 56.54, 55.71
ppm. Ir (KBr) 3107, 2939, 1596, 1569, 1521, 1507, 1471, 1433, 1360, 1335, 1276, 1248,
1235, 1211, 1186, 1159, 1145, 1115, 1095, 1066, 1047, 1028, 1005, 986, 972, 949, 889,
817, 797, 772, 753, 747, 734 cm-1. HRMS (+ESI) calculated for MH+, 517.2087,
observed 517.2103.
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(4,5-Dimethoxy-2-nitrophenyl)(2-methoxyphenyl)methanol (m-OMeCast, 33). 3Methoxyphenylboronic acid (31, 0.73 g, 0.4.68 mmol), 11 (0.54 g, 2.34 mmol), P(Nap)3
(48 mg, 5 mol %), PdCl2 (21 mg, 5 mol %), K2CO3 (0.155 g, 1.12 mmol) and THF (10
mL) were combined in a Schlenk tube. The tube was sealed and mixture was stirred at 65
ºC ± 5 °C for 24 h. Reaction mixture was cooled, filtered, and solvent was removed.
Flash chromatography on silica (2:3 EtOAc/hexanes) yielded yellow solid (0.435 g, 58.2
%). Mp 83-84 °C. 1H NMR (CDCl3, 400 MHz) δ 7.61 (s, 1 H), 7.25 (m, 2 H), 6.90 (m, 2
H), 6.82 (d, J = 8 Hz, 1 H), 6.50 (s, 1 H), 3.94 (d, J = 8 Hz, 6 H), 3.79 (s, 3 H), 2.88 (s, 1
H).

13

C NMR (CDCl3, 100 MHz) δ 159.9, 153.6, 148.2, 143.6, 140.6, 134.0, 129.7,

119.4, 113.4, 112.9, 110.9, 108.3, 71.7, 56.6, 55.4 ppm. IR (KBr) 3543, 1605, 1580,
1513, 1503, 1488, 1463, 1447, 1436, 1399, 1329, 1264, 1207, 1182, 1161, 1146, 1059,
1048, 1017, 987, 891, 880, 869, 788, 780 cm-1. HRMS (+ESI) calculated for MH+,
302.1028, observed 302.1028.
(4,5-Dimethoxy-2-nitrophenyl)([2-(dimethylamino)phenyl]methanol

(m-DMACast,

34). Synthesis of 16 followed the same procedure as compound 34. 3-(N,NDimethylamino)boronic acid (32, 0.32 g, 1.94 mmol), 11 (0.21 g, 0.97 mmol), P(Nap)3
(20 mg, 5 mol %), PdCl2 (8.6 mg, 5 mol %), K2CO3 (0.40 g, 2.91 mmol). The product
was purified on basic alumina (1:1EtOAc/hexanes) affording orange oil (0.754 g, 79.6
%). 1H NMR (CDCl3, 400 MHz) δ 7.58 (s, 1 H), 7.15 (t, J = 8 Hz, 1 H), 6.76 (s, 1 H),
6.63 (d, J = 8 Hz, 1 H), 6.58 (d, J = 8 Hz, 1 H), 6.45 (d, J = 4 Hz, 1 H), 3.91 (d, J = 4 Hz,
6 H), 2.91 (s, 6 H), 2.77 (d, J = 4 Hz, 1 H). 13C NMR (CDCl3, 100 MHz) δ 153.5, 150.9,
148.1, 142.9, 140.6, 134.3, 129.4, 114.9, 112.3, 111.5, 110.9, 108.2, 72.1, 56.5, 40.7
ppm. IR (KBr) 3514, 2935, 1601, 1578, 1514, 1460, 1436, 1328, 1266, 1212, 1151, 1059,
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1030, 993, 964, 866, 795, 764, 732, 696. HRMS (+ESI) calculated for MH+, 333.1450,
observed 333.1436.
General procedure for synthesis of ZinUnc compounds: A solution of ZinCast in
CH3CN (0.03 M) was placed in a quartz cuvette and irradiated for ~12 h with a 1000 W
Xe lamp. The resulting solution was evaporated to dryness and purified by flash
chromatography on basic alumina (3:10 hexanes/EtOAc).
4-[(4,5-Dimethoxy-2-nitrosophenyl)carbonyl]-N-[2-(pyridine-2-yl)ethyl]-N(pyridine-2-ylmethyl)aniline (12, ZinUnc-2). Photolysis of 3 (50 mg, 0.10 mmol)
followed by chromatography lead to isolation of ZinUnc-2 as a green solid (23 mg, 48
%). Mp 137-139 °C. 1H NMR (CDCl3, 400 MHz) δ 8.52 (d, J = 4 Hz, 2 H), 7.70 (d, J = 8
Hz, 2 H), 7.55 (q, J = 8 Hz, 2 H), 7.10 (m, 4 H), 7.01 (d, J = 8 Hz, 1 H), 6.65 (d, J = 8
Hz, 2 H), 6.29 (s, 1 H), 4.59 (s, 2 H), 3.98 (m, 5 H), 3.88 (s, 3 H), 3.13 (t, J = 8 Hz, 2 H).
13

C NMR (CDCl3, 100 MHz) δ 194.0, 160.1, 158.8, 157.8, 156.0, 152.2, 150.2, 150.0,

149.9, 140.3, 137.1, 136.8, 132.9, 127.6, 123.8, 122.4, 121.9, 120.6, 111.3, 109.8, 91.8,
57.0, 56.9, 56.4, 51.9, 35.9 ppm. IR (KBr) 1651, 1602, 1591, 1566, 1556, 1523, 1509,
1469, 1444, 1432, 1386, 1358, 1326, 1299, 1260, 1224, 1196, 1146, 1083 cm-1. HRMS
(+ESI) calculated for MH+, 483.2027, found 483.2006.
4-[(4,5-Dimethoxy-2-nitrosophenyl)carbonyl]-N,N-bis[2-(pyridine-2-yl)ethyl]aniline
(13, ZinUnc-3). Photolysis of 4 (50 mg, 0.097 mmol) followed by chromatography lead
to isolation of ZinUnc-3 as a green solid (22 mg, 46 %). Decomp 99-101 °C. 1H-NMR
(CDCl3, 400 MHz) δ 8.52 (d, J = 4 Hz, 2 H), 7.74 (d, J = 8 Hz, 2 H), 7.54 (t, J = 8 Hz, 2
H), 7.07 (m, 5 H), 6.70 (d, J = 8 Hz, 2 H), 6.30 (s, 1 H), 4.02 (s, 3 H), 3.89 (s, 3 H), 3.70
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(t, J = 8 Hz, 4 H); 3.98 (t, J = 8 Hz, 4 H). 13C-NMR (CDCl3, 100 MHz) δ 193.9, 160.1,
158.9, 156.0, 151.8, 150.1, 149.8, 140.5, 136.7, 133.0, 126.9, 123.7, 121.8, 110.9, 109.9,
91.7, 57.0, 56.4, 51.2, 35.9 ppm. IR (KBr) 2362, 1645, 1595, 1509, 1471, 1443, 1257,
1224, 1148, 1079 cm-1. HRMS (+ESI) calculated for MH+, 497,2183, observed 497.2170.
4-[(4,5-Dimethoxy-2-nitrophenyl)carbonyl]-N,N-dimethylaniline

(21,

DMAUnc).

Photolysis of DMACast (20, 6.4 mg, 0.020 mmol) followed by chromatography yielded
yellow solid (3.0 mg, 49%). Mp 166-168 °C. 1H-NMR (CDCl3, 400 MHz) δ 7.73 (d, J =
8 Hz, 2 H), 7.12 (s, 1 H), 6.58 (d, J = 8 Hz, 2 H), 6.30 (s, 1 H), 4.01 (s, 3 H), 3.89 (s, 3
H), 3.03 (s, 6 H).

13

C NMR (CDCl3, 100 MHz) δ 194.0, 160.0, 155.9, 154.0, 150.1,

140.3, 132.6, 126.8, 110.7, 109.9, 91.7, 56.9, 56.4, 40.2 ppm. IR (KBr) 1587, 1508, 1452,
1433, 1319, 1296, 1255, 1226, 1192, 1183, 1142, 1079, 895, 817, 750 cm-1. HRMS
(+ESI) calculated for MH+, 315.1345, observed 315.1369.
4-[(4,5-Dimethoxy-2-nitrosophenyl)carbonyl]-2-methoxy-N,N-bis(pyridine-2ylmethyl)aniline (35, ZinUnc-4). Photolysis of ZinCast-4 (53 mg, 0.10 mmol) followed
by chromatography yielded yellow solid (21 mg, 41 %). Decomp 78-80 ºC. 1H-NMR
(CDCl3, 400 MHz) δ 8.48 (d, J = 4 Hz, 2 H), 7.66 (s, 1 H), 7.59 (d, J = 8 Hz, 2 H), 7.36
(d, J = 8 Hz, 2 H), 7.09 (m, 3 H), 6.95 (d, J = 8 Hz, 1 H), 6.66 (d, J = 8 Hz, 1 H), 6.33 (s,
1 H), 4.68 (s, 4 H), 4.00 (s, 3 H), 3.88 (s, 3 H), 3.78 (s, 3 H).

13

C NMR (CDCl3, 100

MHz) δ 194.6, 160.0, 158.9, 155.9, 151.0, 150.3, 149.4, 145.2, 139.3, 136.8, 131.3,
126.8, 122.2, 121.8, 117.2, 111.3, 109.8, 92.3, 58.3, 57.0, 56.4, 55.9 ppm. IR (KBr) 2361,
1645, 1594, 1508, 1471, 1442, 1256, 1223, 1148, 1079, 857, 750. HRMS (+ESI)
calculated for MH+, 499.1981, observed 499.2020.
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2.8.2. Spectroscopy
Absorption spectra were recorded on a Cary 50 UV-visible spectrophotometer run
under Varian’s Cary WinUV software. Analytical photolysis reactions were performed
on a Hitachi F-4500 spectrophotometer run under FL Solutions 2.0 software and
equipped with 150 W Xe lamp and 700 V photomultiplier tube. All spectra were acquired
at 25 ºC in quartz cuvettes with path length of 1 cm and cell volume of 3.0 mL. Stock
solutions of ZinCast photocages was prepared at mM concentrations in DMSO and
diluted to prepare 25 mM solutions in the solvent of choice. All metal binding constants
and quantum yields for first generation ZinCast photocages were determined by
previously described procedures.11, 16, 32, 33
Binding Constants. Stock solutions of ZinCast-1, -2, -3, -4 or -5, ZinUnc-1, -2, 4 or -3 and the metal perchlorate salts of Cu2+, Zn2+ and Cd2+ were prepared in mM
concentration in spectrophotometric grade CH3CN. A 25 μM solution of the ligand was
prepared in 3000 μL of the solvent and titrated in triplicate with each of the metal salt
stock solutions. Absorbance spectra were corrected for dilution and the conditional
dissociation constant (Kd) was calculated using XLfit.34
Quantum Yields. Photochemistry of the second generation photocages was
evaluated by irradiating 0.25 mM solutions prepared in HPLC grade CH3CN with a 150
W source at 350 nm. The change in concentration of ZinCast-1, -2, -3 DMACast was
evaluated by UV-vis spectroscopy by monitoring the absorption increase at ~350 nm. For
ZinCast-4, -5, m-OMeCast and m-DMACast the photolysis was followed with an Agilent
1100 HPLC equipped with a Grace Apollo 5 μm silica 4.6 × 250 mm column as
previously described.28 m-OMeCast and m-DMACast were eluted with 5 to 7 % iPrOH98
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hexanes gradient elution, while ZinCast-4 and ZinCast-5 were eluted with 5 % iPrOHEtOAc and 15% iPrOH-EtOAc respectively. Quantum yields were calculated with the
following formula:

where I is source intensity measured by iron oxalate actinometry and N A is Avogadro’s
number.
2.8.3 Collection and Reduction of X-ray Data
Structural analysis was carried out in the X-Ray Crystallographic Facility at
Worcester Polytechnic Institute. A colorless plate of [Zn(23)]Cl2 having approximate
dimensions of 0.02  0.10  0.20 mm was covered in paratone oil on 100 μ MiTeGen
polyimide micromounts was mounted on a Bruker-AXS APEX CCD diffractometer
equipped with an LT-II low temperature device. Diffraction data were collected at 100(2)
K using graphite monochromated Mo−Kα radiation (λ = 0.71073

) using the omega

scan technique. Empirical absorption corrections were applied using the SADABS
program.35 The unit cells and space groups were determined using the SAINT+
program.35 The structures were solved by direct methods and refined by full matrix leastsquares using the SHELXTL program.35 Refinement was based on F2 using all
reflections. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms on
carbon atoms were all located in the difference maps and subsequently placed at idealized
positions and given isotropic U values 1.2 times that of the carbon atom to which they
were bonded. Hydrogen atoms bonded to oxygen atoms were located and refined with
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isotropic thermal parameters. Mercury 1.4.2 software was used to examine the molecular
structure.36 The crystallographic data and refinement parameters are shown in Table 2.6.
Relevant crystallographic information is summarized in Table 2.7 and the 50% thermal
ellipsoid plot is shown in Figure 2.7.
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Table 2.6. Crystallographic parameters for [Zn(23)]Cl2.
Formula

Zn1Cl2N3OC19H19

formula wt

441.64

space group

P21/c

a,

7.7523(3)

b,

25.2982(11)

c,

10.7609(4)

β , deg
V,

106.849(2)

3

2019.82

Z

4
-3

ρ calcd (g cm )

1.452

absorp. coeff. (cm-1)

1.493

temp, K

100(2)

total no. data

17291

no. unique data

3997

obs dataa

2910

no. parameters

236

R, %b

0.0608

wR2, %

c

0.0756

max/min peaks, e/

0.569/-0.264

a

Observation criterion: I >2σ(1). b R = Σ ||Fo| - |Fc|| / Σ |Fo| c wR2
= [Σ ( w (Fo2 - Fc2)2 )/ Σ w(Fo2)2]1/2.
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Table 2.7. Selected bond lengths (Å) and bond angle (deg) for [Zn(23)]Cl2.
Bond lengths

Bond angles

Zn(1)–N(1)

2.098(2)

N(1)-Zn(1)-N(2)

141.15(8)

Zn(1)–N(2)

2.105(2)

N(1)-Zn(1)-N(4)

73.52(8)

Zn(1)–N(4)

2.414(2)

N(1)-Zn(1)-Cl(1)

102.04(6)

Zn(1)–Cl(1)

2.2944(7)

N(1)-Zn(1)-Cl(2)

99.86(6)

Zn(1)–Cl(2)

2.2711(9)

N(2)-Zn(1)-N(4)

73.65(8)

N(2)-Zn(1)-Cl(1)

101.99(6)

N(2)-Zn(1)-Cl(2)

98.36(6)

N(4)-Zn(1)-Cl(1)

96.93(5)

N(4)-Zn(1)-Cl(2)

150.25(6)

Cl(1)-Zn(1)-Cl(2)

112.81(3)

Estimated standard deviations in the last digit(s). Atom labels are provided in
Figure 7.
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3.1. Introduction
Photocages are indispensable tools for studying molecular biology.1-3 The light-induced
release of bioactive species allows time and delivery location to be controlled. Such
photochemical tools permit quantitative manipulation of bioactive species with greater
precision than alternative methods. While photocaged complexes have facilitated
significant insight into Ca2+ signaling pathways, other metal ions like Zn2+, Fe2+ and Cu+
have equal importance in complex cellular processes, but the development of analogous
tools only began recently.2,4-6
Free or chelatable zinc is present in the mammalian forebrain where it is stored within
the synaptic vesicles of glutamatergic neurons.7 Neuronal activity releases vesicular zinc
into the synaptic cleft, which modulates the activity of many synaptic targets. While
synaptic zinc functions have not been elucidated fully, Zn2+ can bind to GABA (γaminobutyric acid) and NMDA (N-methyl-D-aspartate) receptors as well as regulate
activity of many postsynaptic channels.8 Zinc may function as a neural signaling agent in
healthy individuals, but it may also be involved in many neurological diseases.9,10
Homeostasis disruptions can produce severe consequences leading to imbalances in
intracellular [Zn2+]. Excess Zn2+ can accumulate within cells and lead to damage and
death. We have focused on designing new Zn2+ photocages to explore potential signaling
functions and disease pathology.11-14
Inspired by the Nitr family of photocages for Ca2+, we developed ZinCast-1, a Zn2+
photocage that integrates a N,N-dipicolylaniline (DPA) ligand with a light sensitive onitrobenzyl moiety.13 The metal ion release in [Zn(ZinCast-1)]2+ relies on attenuation of
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the aniline nitrogen atom-Zn2+ bond strength upon light-initiated formation of the
nitrosobenzophenone photoproduct [Zn(ZinUnc-1)2+] (Scheme 3.1). The resonance
delocalization of the anilino lone pair onto the newly formed carbonyl group decreases
the Zn2+ affinity and shifts the binding equilibrium toward the solvated metal ion. Change
in metal affinity due to photolysis can be expressed quantitatively by ∆Kd, which is a
ratio of photoproduct’s dissociation constant (ZinUnc Kd) to the dissociation constant of
the photocage (ZinCast Kd), ∆Kd = (ZinUnc Kd)/(ZinCast Kd).

Scheme 3.1. Uncaging process in ZinCast-1.

Additional complementary ZinCast photocages differ only in Zn2+-receptor design,
where the methylene linker between aniline nitrogen and the pyridine moiety of ZinCast1 was extended to an ethylene on one (ZinCast-2) or both spacers (ZinCast-3).14 While all
three ZinCast photocages exhibit reduced Zn2+ affinity following photolysis, the most
pronounced changes occur in ZinCast-3, which has the lowest Zn2+ affinity. In contrast,
ZinCast-1 forms the highest affinity pre-photolysis Zn2+ complex, but a reduced ∆Kd
upon uncaging. An analogous trend was observed for Cast type photocages that utilize
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crown ether ligands.15,16 These results indicate that increased chelator affinity in the Zn2+
complexes reduces metal ion release efficiency. Complexes containing more weakly
binding chelators exhibit significantly larger changes in Zn2+ affinity upon photolysis, but
the low affinity prohibits use in biology where proteins wich maintain Zn2+ homeostasis
at minimal basal levels.17 Addressing these practical problems requires designing a
photocage possessing a high affinity for Zn2+ that decreases drastically upon uncaging.
To maximize the Zn2+ offloading capability with concurrent preservation of prephotolysis metal ion buffering capacity, we envisioned introducing a second onitrobenzyl photocaging group. Utilization of two photolabile groups in photocages has
precedent in organic synthesis as well as in small molecule photocages.18,19 In the first
Ca2+ photocage utilizing two photolabile groups Nitr-8, the affinity of the Ca2+-selective
chelator decreases 1600-fold upon uncaging; however, Nitr-8 was reported in a review
that lacked extensive characterization data.4 In the structurally related photocage Nitr-T
that also contains two nitrobenzyl groups, the Ca2+ affinity decreases >3000-fold from the
pre-photolysis Ca2+ Kd of 520 nM.20 The photoproducts resulting from photolysis of Nitr8 and Nitr-T photocages contain two metal-bound aniline nitrogen atoms with reduced
electron density compared to the corresponding photocaged complex. While inclusion of
a second photocaging group was implemented for Ca2+, this strategy has not been
explored for other metal ions with different coordination chemistry requirements.
By combining the multi-photolabile group strategy utilized in Ca2+ photocages with
Zn2+-binding properties of ZinCast-1, new photocaged chelators were envisioned with
increased Zn2+ stability and increased ∆Kd upon uncaging. The DiCast photocage
nomenclature evokes the original Cast series,13-16,21-23 where the suffix implies release by
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“casting off,” and adds the prefix “Di-“ indicating the presence of multiple nitrobenzyl

Figure 3.1. Structures of MonoCast, DiCast-1, DiCast-2 and DiCast-3. MonoCast and DiCast-1
allow the direct comparison of the effects from using a single versus multiple nitrobenzyl groups.
DiCast-2 and DiCast-3 are second generation DiCast photocages designed to have higher affinity
for Zn2+.

groups. To quantify the magnitude of Kd changes induced by two photocaging groups,
MonoCast-1 and DiCast-1 were designed to mimic elements of the 3-nitrogen donorbased DPA ligand of ZinCast-1 and the 4-nitrogen donor chelator EBAP (ethylene-bisα,α´-(2-aminomethyl)pyridine). A modular synthetic strategy provided access to
derivatives that could be functionalized with 1 or 2 nitrobenzyl groups. Since the receptor
in MonoCast-1 and DiCast-1 contains only an additional aniline ligand when compared to
ZinCast-1, only a modest increase in absolute Zn2+ affinity was anticipated, but the
photocages would allow a direct comparison of Kd trends. To increase photocage metal
ion affinity, a second generation of DiCast photocages was designed with additional
chelating ligands (Figure 3.1). Replacement of the ethylene linker in DiCast-1 chelator by
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a bridging pyridine leads to increase in ligand denticity and reduces ligand flexibility to
further increase binding strength. DiCast-2 retains the aniline and pyridine ligands;
however, carboxylates were used in DiCast-3 to enhance water solubility.

3.2. Synthesis
The first generation DiCast compounds borrow design elements of the DPA ligand in
ZinCast-1, which exhibited the highest stability for Zn2+ in the monofunctional
nitrobenzhydrol photocages.13 The similarity between these DiCast compounds and
ZinCast-1 also allows for better comparison of metal binding and releasing properties
resulting from the use of multiple rather than a single nitrobenzyl group. Dialkylation of
N,N-diphenylethylenediamine with picolylbromide hydrobromide in presence of
potassium hydrogen phosphate and potassium iodide yields the four-nitrogen donor
receptor for DiCast-1 (Scheme 3.2). The DiCast-1 receptor retains the structural features
5-5 chelate rings formed by ZinCast-1 when considering the second aniline nitrogen atom
as a surrogate for one pyridine donor of DPA. The DiCast-1 receptor adds an additional
pyridine ring that forms another 5-membered chelate ring when bound to the guest metal
ion like the aliphatic chelator EBAP. Using the TMSOTf methodology, which was
originally developed for Ca2+ photocages and used extensively to prepare related
compounds,31 the receptor 14 was coupled to 11 (Scheme 3.2). Deprotection of the crude
TMS ether product with TBAF affords DiCast-1 in 41% overall yield.
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Scheme 3.2. Synthesis of MonoCast (3) and DiCast-1 (4).

To provide a direct comparison between photocages that possess the same receptor but
contain either a single or multiple nitrobenzyl groups, installing a methyl group onto one
of the positions para to an aniline group in 13 was envisioned. A methyl group would
block the electrophilic substitution reaction and afford a photocage with a solitary
nitrobenzyl group. Coupling N-phenylethylenediamine and p-bromotoluene with Pd
provides 9 and subsequent alkylation with picolylbromide hydrobromide yields the
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receptor 10. An identical TMSOTf promoted coupling reaction used to prepare DiCast-1
affords MonoCast in an overall 27% yield.
Neither MonoCast nor DiCast-1 was predicted to exhibit an exceptionally high affinity
for Zn2+. While adding another metal binding ligand may increase the Zn2+ affinity by
enhancing the chelate effect, preorganized binding sites often enhance metal ion
complexation.32 A difunctional pyridine group was envisioned to act as an ideal ligand
scaffold to bring together two DPA-like ligands into a symmetric receptor designed to
encapsulate a single Zn2+ ion. Reacting 16 with excess aniline forms the backbone of the
second generation DiCast photocages (Scheme 3.3). Excess aniline prevents over
alkylation to unwanted higher order products. The common intermediate 17 provides the
ability to access a variety of photocages with different aniline-pendant ligands.
Reductive amination of 17 with 2-pyridinecarboxaldehyde provides receptor 18.
Subsequent treatment of 18 with the standard reaction sequence affords DiCast-2
containing five nitrogen donor groups. Alternatively, alkylation of 17 with ethyl
bromoacetate affords 20, which was converted to 21 using a synthesis analogous to
DiCast-2. Saponification of the ester groups with KOH provides access to DiCast-3. The
two carboxylate groups in DiCast-3 provide a charge neutral photocaged complex, which
could allow passive loading into cells whereas charged complexes like DiCast-2 may
require more invasive techniques to facilitate transport across lipophilic membranes.
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Scheme 3.3. Synthesis of DiCast-2 (5) and DiCast-3 (6).

Bulk photolysis of MonoCast and DiCast-1 provides the corresponding ligand
photoproducts, MonoUnc and DiUnc-1, for use in metal ion binding assays. While the
photoproduct of DiCast-2 could be prepared, the photolysis yields a significant number of
byproducts that prevent obtaining analytically pure DiUnc-2; however, the purity was
deemed sufficient for metal binding assays. In contrast, the wide array of byproducts and
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the apparent decomposition of the DiCast-3 photoproduct made isolating DiUnc-3
impossible.

3.3. Metal-binding properties of MonoCast and DiCast-1
Titration of DiCast-1 and MonoCast with Cu2+, Zn2+, and Cd2+ permits the metal ion
binding properties to be evaluated spectrophotometrically. Although ZinCast-1
measurements were also obtained in mixed buffer, the limited water solubility of both
new photocages limits the evaluation of metal binding properties to EtOH and CH3CN.
Since Cu2+ oxidizes aniline groups in CH3CN,22,33 no measurements were made for those
conditions. The apo forms of MonoCast and DiCast-1 both possess characteristic, anilinederived absorption bands with λmax at 260 and 270 nm respectively. Formation of metal
complexes of [M(MonoCast)]2+ and [M(DiCast-1)]2+ leads to erosion of aniline
absorption bands with the simultaneous formation of new band at circa 235 nm (Figure
3.4). The absorption profiles for both MonoUnc and DiUnc-1 include two bands with
λmax at 230 and 350 nm and one band with λmin at circa 285 nm (Figure 3.4). Upon the
addition of metal ions, the band at 285 increases in intensity while the other two
characteristic features erode. Fitting the absorption changes provides apparent binding
constants for the respective photocages and photoproducts.
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Figure 3.2. Titration of 25 μM DiCast-1 (top) and 15 µM DiUnc-1 (bottom) with Zn(ClO4)2 in
EtOH. The absorbance was fitted to a 1 : 1 binding isotherm (inset). The error bars represent the
variance in the measurements over three trials.

The expansion of the DPA chelator of ZinCast-1 with a second aniline group
unexpectedly has a destabilizing effect on the Zn2+ complex despite the addition of a
fourth pendant ligand. The Kd decreases from 13 µM for [Zn(ZinCast-1)]2+ to 14 M and
20 µM for [Zn(MonoCast)]2+ and [Zn(DiCast-1)]2+ respectively in EtOH (Table 3.4). The
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low Zn2+ affinity is consistent with replacement of the aliphatic amines in EBAP with
aniline groups. The stability of complexes with Cu2+ and Cd2+ follows a similar trend. In
CH3CN, the affinity of [Zn(ZinCast-1)]2+ (9.7 µM) also exceeds [Zn(MonoCast)]2+ (12
µM) and [Zn(DiCast-1)]2+ (12 µM). Unlike ZinCast photocages, MonoCast and DiCast-1
exhibit no complex stability dependence on solvent polarity or the metal ion. Stability
constants for the [M(MonoCast)]2+ and [M(DiCast-1)]2+ complexes in both solvent
systems remain within 14-22 µM indicating that second nitrobenzhydrol group has
negligible effect on metal ion affinity of DiCast-1 compared to MonoCast.
The minimal variation in complex stabilities for Cu2+ and Zn2+ complexes as well as
ability to accommodate a larger metal ion like Cd2+ with comparable affinity suggest
increased flexibility the metal ion receptor. The chelator appears to adopt different
conformations easily, which allow metal ions with different coordination requirements to
be accommodated readily. The chelator flexibility appears to limit both the selectivity
and the affinity, which limits these photocages’ biological applications; however, these
features are ideal for evaluating properties related to the number of nitrobenzyl groups.
As expected, the resonance interaction between the nitrogen lone pair and the carbonyl
oxygen atom introduced upon uncaging decreases the ligand basicity and lowers the
affinities measured for the photoproducts. The binding properties of the photoproducts
appear to be affected by solvent and metal ion involved (Table 3.4). Affinities for Zn2+
and Cd2+ ions are significantly reduced in EtOH compared to CH3CN suggesting
increased ligand solvation. The stability constants for all photoproduct complexes of
[M(MonoUnc)]2+ and [M(DiUnc-1)]2+ decrease in a pattern that conforms to the Irving–
Williams series: Cu2+ > Zn2+ > Cd2+.
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The changes in metal affinity after photolysis are more pronounced than the absolute
affinity comparisons of the parent photocages. Since uncaging of DiCast-1 modulates the
electron density on two metal-bound nitrogen atoms, stability constants for the
[Zn(DiUnc-1)]2+ and [Cd(DiUnc-1)]2+ decrease to millimolar values, which leads to
significantly larger values for Kd compared to complexes of ZinUnc-1. The 190-fold
Kd with Zn2+ for DiCast-1 significantly exceeds the 3-fold change determined for
ZinCast-1 in EtOH. The 14-fold Kd for MonoCast reflects the trend that weaker binding
Cast photocages tend to possess larger Kd values,14,16 but remains more comparable to
the magnitude of change measured for ZinCast-1 than for DiCast-1. DiCast-1 also
exhibits a measurable Kd in CH3CN whereas none was observed for ZinCast-1 or
MonoCast. While ∆Kd for DiCast-1 is considerably smaller than the ones measured for
Nitr-8 and Nitr-T,20,31 the measurements demonstrate that larger Kd values can be
achieved by introducing a second nitrobenzhydrol group in Cast photocages. The larger
∆Kd values for both [Cd(MonoCast)] and [Cd(DiCast-1)] suggest weaker NAniline─M2+
bonds. The lack of affinity changes between [Cu(MonoUnc)]2+ and [Cu(DiCast-1)]2+
indicates the presence of a strong NAniline─M2+ interaction imposed by the coordination
chemistry of Cu2+, which allows the metal ion to compete more effectively with the
resonance interaction for electron density. The trends with Cu2+ and Cd2+ are consistent
to those observed in ZinCast complexes, which were also attributed to differences in
aniline-metal ion interactions.14
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3.4. Structural properties of DiCast-2 and DiCast-3 receptors
Unlike previous Cast photocages, DiCast-2 and DiCast-3 do not utilize a binding motif
directly inspired by a well-known receptor. Analysis of the receptor coordination
chemistry can provide important insight into the properties of the corresponding
photocage. The modular synthetic strategy allows the receptors to be accessed
simultaneously during the photocage synthesis for evaluation. The tripyridine receptor 18
forms a mononuclear distorted trigonal bipyramidal Zn2+ complex with a [Zn(NO3)4]2counter ion. The three aromatic pyridyl nitrogen atoms define the equatorial plane with
the anilino nitrogen atoms in the two axial positions. The bond N Aniline–Zn–NAniline bond
angle of the axial groups 157.7(2)˚ shows significant deviation from the 180˚ of an ideal
trigonal bipyramid. The three equatorial Zn–NPy bond distances occupy a narrow range
between 2.002(4)–2.018(4) Å. The axial nitrogen atoms show modest asymmetry and
weaker interactions with Zn–NAniline bond lengths of 2.286(5) Å and 2.271(5) Å.
Additional bond angles are consistent with Zn2+ coordinating chemistry that allows
significant flexibility in the ligand orientations (Table 3.2).
Receptor 23 exhibits more complicated coordination chemistry in the solid state. The
ligand forms a heterobimetallic cluster of two ligands, three Zn2+ centers and one K+ ion.
The cluster forms from the aggregation of two mononuclear Zn2+-receptor complexes that
are connected by the K+ and the third Zn2+ site. The K+ and third Zn2+ interact with the
two [Zn(23)] units through carboxylate ligands that bridge between the internal receptor
bound Zn2+ centers and these external metal ions. The external Zn2+ site is tetrahedral
with 2 carboxylate ligands and two Cl- groups, one terminal and one that bridges to the
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K+. The K+ is formally 7-coordinate, with four carboxylates groups, a water ligand and
two Cl- groups. The 2 Cl- ligands bond at approximately 3.1 Å, a distance near the ionic
radii sum with K+, so the interactions are highly electrostatic in nature.
The two receptor-bound Zn2+ ions adopt different geometries. One Zn2+ is octahedral
containing the five donor groups from one 23 unit and a Cl- group in the coordination
sphere. The central pyridine and chloride adopt trans axial sites with the equatorial sites
occupied by the aniline and carboxylate groups that wrapping around the metal ion. The
Cl–Zn–NPy bond angle of 148.6(1)˚ illustrates the degree of distortion in the octahedral
geometry at the Zn2+ site. The aniline nitrogen atoms are cis to each other forming a faclike arrangement when including the pyridyl group. The bond lengths and angles are
consistent with expected values, but the two Zn–NAniline bond lengths of 2.444(4) Å and
2.503(3) Å are significantly longer that the ones measured in [Zn(18)]2+ and exhibit more
asymmetry. By comparison the Zn–NPy bonds in the two complexes are nearly identical
(Table 3.3).
The second Zn2+ adopts a distorted trigonal bipyramid; however, the fifth ligand comes
from a carboxylate ligand that bridges from the Zn2+ in the octahedral site. Only one of
the two aniline nitrogen ligands in the 5-coordinate site resides within bonding distance
to the metal ion. The unbound aniline nitrogen sits at approximately 2.7 Å away from the
Zn2+ site, whereas the other Zn–NAniline bond length of 2.373(3) Å is the shortest found in
the complex of ligand 23. The OCarboxylate–Zn–NAniline bond angle (159.1(1)˚) that defines
the axial sites of the trigonal bipyramid is similar to the geometry found in [Zn(18)]2+;
however, different ligands define the sites (Table 3.3).
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3.5. Metal-binding properties of DiCast-2 and DiCast-3
In addition to evaluating the binding properties of DiCast-2 and DiCast-3 under the
same conditions as Dicast-1, DiCast-3 possesses sufficient solubility to conduct
measurements under simulated physiological conditions (50 mM HEPES, 100 mM KCl,
pH 7). The spectroscopic profiles of DiCast-2 and DiCast-3 exhibit the same features as
DiCast-1 with an aniline-derived charge transfer band with λmax at 260 nm that decreases
in intensity upon the addition of metal ions (Figure 5A). The analogous blue-shifted λmax
absorption band that forms upon metal ion binding appears at shorter wavelengths than
that of DiCast-1 and outside of the instrument’s detection limit (Figure 3.5). The
inclusion of the third pyridine increases the Zn2+ affinity of DiCast-2 to 8.7 µM as
measured in EtOH (Table 3.5). The replacement of pyridine ligands with carboxylate
group further enhances the Zn2+ Kd of DiCast-3 to 5.0 µM. Similar modest increases in
binding affinity occur for both photocages in CH3CN. The trends in increased affinity
between the DiCast-1 and the second generation photocages also persist in the
measurements with Cu2+ and Cd2+.
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Figure 3.3. Titration of 25 μM DiCast-2 (top) and DiUnc-2 (bottom) with Zn(ClO4)2 in EtOH.
The absorbance was fitted to a 1 : 1 binding isotherm (inset). The error bars represent the variance
in the measurements over three trials.

Limited access to the uncaged photoproducts limits quantitative analysis of binding
affinity and Kd to DiCast-2. The Kd for [Zn(DiUnc-2)]2+ (4.2 mM) and [Zn(DiUnc-1)]2+
(3.8 mM) are nearly identical, but the ∆Kd more than doubles because of the increased
affinity of the DiCast-2 photocage. The 480-fold Kd exceeds all the Cast derivatives
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investigated to date. Based on the solvent-dependent affinity trends observed in Cast
photocages,14 the Kd would be larger if DiCast-2 could be evaluated in aqueous
solution. Lack of access to DiUnc-3 prevented quantification of metal ion binding, but
qualitative results suggest that the photoproduct binds more weakly than the parent
photocage. Based on the analysis of the Zn2+ model complex however, we hypothesize
that the Kd for DiCast-3 would be smaller than for DiCast-2. The distinct asymmetry
NAniline─Zn bond lengths suggest an unequal contribution of these ligands to the overall
complex stability.
The DiCast-2 affinity measurements reinforce the conclusions from the ZinCast and
CrownCast series. The use of aniline ligands inherently limits the magnitude of the
absolute binding affinity. Even using a well-defined binding pocket and increasing
denticity fails to overcome the use of weakly coordinating aromatic nitrogen ligands.
When stronger binding ligands are incorporated into an aniline-based Cast receptor, these
ligands dominate metal ion binding and attenuating the electron density on the anilino
nitrogen atom has minimal effects on complex stability.

3.6. Conclusion
The inclusion of multiple nitrobenzyl groups in a Zn2+ photocage increases the Kd by
at least an order of magnitude compared to the analogous monofunctionalized
compounds. The results obtained for all three DiCast Zn2+ photocages are consistent with
trends observed in similar Ca2+ systems. Both difunctional Ca2+ photocages utilize an
identical metal ion receptor, whereas we have screened several different but related
binding motifs in this investigation. While the DiCast photocages exhibit significant
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improvement over the ZinCast precursors, several aspects related to the complex design
will probably limit the biological application of these photochemical tools. The
dependence on Cast photocages on aniline-based ligands minimizes the absolute Zn2+
affinity attainable unless tightly binding ligands are added to the chelator, which
significantly decreases the Kd. The DiCast photocages would be useful for introducing
Zn2+ into biological systems with M basal Zn2+ level; however, the complexes would
perturb homeostasis mechanisms prior to photolysis in most cells where [Zn2+] are tightly
regulated. The general strategy utilized by DiCast photocages may be more applicable to
investigations of other biologically relevant metal ions that are present at higher
concentrations. Despite the possible limitations for studying Zn2+, the findings
significantly increase the understanding of multi-functional photocaged complexes and
will help facilitate the design of future tools for studying metal ion homeostasis.
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Table 3.1. Crystallographic parameters for DiCast model complexes

[Zn(18)][Zn(NO3)4]

[Zn3K(23)2(H2O)Cl3].

formula

C31H29N5Zn·N4O12Zn

C46H44Cl3KN6O9Zn3

formula wt

850.41

1166.43

crystal size

0.20 × 0.25 × 0.40

0.06 × 0.20 × 0.40

space group

Monoclinic, P21/c

Monoclinic, P21/c

a, Å

10.4293 (3)

22.191 (3)

b, Å

15.1047 (3)

16.5760 (19)

c, Å

22.6113 (6)

12.8734 (16)

102.094 (1)

94.590 (4)

V, Å3

3482.93 (15)

4720.1 (10)

Z

4

4

ρ calcd (g cm-3)

1.622

1.641

absorp. coeff. (cm-1)

1.45

1.83

temp, K

100

296

total no. data

20511

37638

no. unique data

6133

8294

obs. dataa

4869

7234

R, %b

0.067

0.047

wR2, %c

0.171

0.115

no. of parameters

487

621

max/min peaks, e/Ǻ

0.56/-0.43

0.64/-0.52

, 
, 
, 

a
c

Observation criterion: I >2σ(1). bR = Σ ||Fo| - |Fc|| / Σ |Fo|
wR2 = [Σ ( w (Fo2 - Fc2)2 )/ Σ w(Fo2)2]1/2
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Table 3.2. Selected Interatomic Distances (Å) and Angles (deg) for [Zn(18)][Zn(NO3)4]

Bond Lengths
Zn1–N1

2.286(5)

Bond Angles
N1–Zn1–N2

157.7(2)

Zn1–N2

2.271(5)

N1–Zn1–N3

113.8(2)

Zn1–N3

2.006(5)

N1–Zn1–N4

79.0(2)

Zn1–N4

2.002(4)

N1–Zn1–N5

80.6(2)

Zn1–N5

2.018(4)

N2–Zn1–N3

81.6(2)

N2–Zn1–N4

78.7(2)

N2–Zn1–N5

112.2(2)

N3–Zn1–N4

128.9(2)

N3–Zn1–N5

104.5(2)

N4–Zn1–N5

126.6(2)

a

Number in parentheses are estimated standard deviations in the last digit(s). Atom labels are
provided in Figure 2.
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Table 3.3. Selected Interatomic Distances (Å) and Angles (deg) for [Zn3K(23)2(H2O)Cl3]

Bond Lengths

Bond Angles

Zn1–N1
Zn1–N2
Zn1–O2
Zn1–O3
Zn1–O5

2.373(3)
2.085(4)
2.100(3)
2.000(3)
2.007(3)

Zn2–N4
Zn2–N5
Zn2–N6
Zn2–O6
Zn2–O7
Zn2–Cl2

2.503(3)
2.065(4)
2.444(4)
2.089(3)
2.092(3)
2.264(1)

N1–Zn1–N2
N1–Zn1–O2
N1–Zn1–O3
N1–Zn1–O5
N2–Zn1–O2
N2–Zn1–O3
N2–Zn1–O5
O2–Zn1–O3
O2–Zn1–O5
O3–Zn1–O5
N4–Zn2–N5
N4–Zn2–N6
N4–Zn2–O6
N4–Zn2–O7
N4–Zn2–Cl2
N5–Zn2–N6
N5–Zn2–O6
N5–Zn2–O7
N5–Zn2–Cl2
N6–Zn2–O6
N6–Zn2–O7
N6–Zn2–Cl2
O6–Zn2–O7
O6–Zn2–Cl2
O7–Zn2–Cl2

a

76.1(1)
159.1(1)
75.9(1)
91.4(1)
103.9(1)
116.6(1)
130.1(1)
85.9(1)
103.6(1)
106.2(1)
74.1(1)
130.4(1)
72.1(1)
154.6(1)
89.91(9)
73.7(1)
96.3(1)
108.8(1)
148.6(1)
147.9(1)
72.7(1)
98.64(9)
82.5(1)
104.48(9)
97.26(8)

Number in parentheses are estimated standard deviations in the last digit(s). Atom labels are

provided in Figure 3.3.
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Table 3.4. Metal binding properties of ZinCast-1,14 MonoCast and DiCast-1a
Kd

Kd

Kd

M2+

Solvent

[M(ZinCast-1)]2+

[M(ZinUnc-1)]2+

∆Kd

[M(MonoCast)]2+

[M(MonoUnc)]2+

∆Kd

[M(DiCast-1)]2+

[M(DiUnc-1)]2+

∆Kd

Zn2+

EtOH

(1.3 ± 0.2) × 10-5

(3.5 ± 0.1) × 10-5

3

(1.4 ± 0.2) × 10-5

(1.9 ± 0.1) × 10-4

14

(2.0 ± 0.3) × 10-5

(3.8 ± 0.1) × 10-3

190

CH3CN

(9.7 ± 0.4) × 10-6

(9.7 ± 0.2) × 10-6

1

(1.2 ± 0.2) × 10-5

(1.4 ± 0.1) × 10-5

1

(1.2 ± 0.3) × 10-5

(2.7 ± 0.1) × 10-5

2

Cu2+

EtOH

(7.2 ± 0.1) × 10-6

(7.2 ± 0.3) × 10-6

1

(1.4 ± 0.1) × 10-5

(1.3 ± 0.2) × 10-5

1

(1.4 ± 0.1) × 10-5

(1.5 ± 0.6) × 10-5

1

Cd2+

EtOH

(1.7 ± 0.1) × 10-5

(8.2 ± 0.2) × 10-4

48

(1.5 ± 0.1) × 10-5

(1.1 ± 0.1) × 10-3

73

(2.2 ± 0.3) × 10-5

NAb

NAb

CH3CN

(7.9 ± 0.1) × 10-6

(3.1 ± 0.1) × 10-5

4

(1.1 ± 0.1) × 10-5

(2.5 ± 0.1) × 10-5

2

(1.3 ± 0.1) × 10-5

(2.9 ± 0.1) × 10-4

22

a

The 1:1 binding constants were calculated with Xlfit, bMetal ion affinity was too weak to be accurately determined
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Table 3.5. Metal binding properties of DiCast-2 and DiCast-3a

Kd

Kd

M2+

Solvent

[M(DiCast-2)]2+

[M(DiUnc-2)]2+

∆Kd

[M(DiCast-3)]2+

[M(DiUnc-3)]2+

∆Kd

Zn2+

EtOH

(8.7 ± 0.3) × 10-6

(4.2 ± 0.4) × 10-3

480

(5.0 ± 0.3) × 10-6

NAb

NA

-5

-3

330

(7.8 ± 0.8) × 10

-6

b

NA

NA

(7.8 ± 0.7) × 10

-6

b

NA

NA

CH3CN
d

Cu2+

Cd2+

a

(1.0 ± 0.5) × 10
c

(3.3 ± 0.2) × 10
NA

c

NA

buffer

NA

EtOH

(8.6 ± 0.3) × 10-6

(1.1 ± 0.8) × 10-6

2

(6.9 ± 0.3) × 10-6

NAb

NA

buffer

NAc

NAc

NA

(7.3 ± 0.3) × 10-6

NAb

NA

EtOH

(9.5 ± 0.5) × 10-6

(~1.0 ± 0.2) × 10-3

110

(8.2 ± 0.7) × 10-6

NAb

NA

CH3CN

(8.5 ± 0.5) × 10-6

(~9.3 ± 0.1) × 10-4

110

(9.3 ± 0.3) × 10-6

NAb

NA

bufferd

NAc

NAc

NA

(1.2 ± 0.1) × 10-5

NAb

NA

The 1:1 binding constants were calculated with Xlfit, bDiUnc-3 of sufficient purity could not be isolated, cmetal
affinity was not determined due to low solubility of the complex, d50 mM HEPES, 100 mM KCl, pH 7.
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3.7. Experimental Section
3.7.1. General experimental
All materials were purchased from Acros Organic or TCI America. Solvents were
sparged with argon and dried in Seca Solvent Purification System. N,N’-diphenylethane1,2-diamine (13)24-26 and 2,6-bis-(bromomethyl)pyridine (16)27 was prepared as
previously described. All chromatography and TLC were performed on silica from
Silicycle or activated basic alumina from Acros Organics. 1H and 13C NMR spectra were
recorded with Brüker 400 MHz spectrometer and referenced to CDCl3. IR spectra were
recorded on a Nicolet 205 FT-IR instrument and samples were analyzed as KBr pellets.
High resolution mass spectra were obtained on micromass Q-Tof-2TM mass spectrometer
operating in positive ion mode. The instrument was calibrated with Glu-fibrinopeptide B
10 pmol/μL by using a 50:50 solution of CH3CN/H2O with 0.1% acetic acid.
N-Phenyl-N’-(para-tolyl)ethane-1,2-diamine
Tris(dibenzylideneacetone)dipalladium

(Pd2(dba)3)

(9).
(40

mg,

1

mole

%),

2,2'-

bis(diphenylphosphino)-1,1'-binaphthyl (BINAP, 82 mg, 3 mole %), NaOtBu (1.27 g,
1.32 mmol) and degassed toluene (15 mL) were combined in a Schlenk tube. NPhenylethylenediamine (7, 636 µL, 4.86 mmol) and p-bromotoluene (8, 544 µL, 4.42
mmol) were successively added and the reaction mixture was stirred at 80 °C. After 24 h,
the reaction mixture was cooled, diluted with H2O (30 mL), extracted with EtOAc (3 ×
30 mL), dried over MgSO4 and the solvent was removed. Flash chromatography on silica
(1:4 EtOAc/hexanes) yielded 9 as a yellow solid (0.481 g, 48.1 %). Mp = 44-45 °C. 1H
NMR (400 MHz, CDCl3) δ 7.18 (t, J = 8.0 Hz, 2 H), 7.00 (d, J = 8.0 Hz, 2 H), 6.72 (t, J =
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8.0 Hz, 1 H), 6.64 (d, J = 8.0 Hz, 2 H), 6.57 (d, J = 8.0 Hz, 2 H), 3.78 (s, 2 H), 3.37 (s, 4
H), 2.24 (s, 3 H). 13C NMR (400 MHz, CDCl3) δ 148.31, 145.99, 130.04, 129.54, 127.33,
117.99, 113.46, 113.24, 43.93, 43.61, 20.59. IR (KBr pellet, cm-1) 3418, 3408, 1601,
1525, 1459, 1341, 1294, 1263, 1209, 1178, 1135, 1090. HRMS (+ESI): Calcd. for MH+,
227.1548; Found, 227.1552.
N-Phenyl-N,N’-bis(pyridin-2-ylmethyl)-N’-(para-tolyl)ethane-1,2-diamine (10). To
a solution of 9 (0.464 g, 2.05 mmol) in CH3CN (30 mL) was added 2(bromomethyl)pyridine hydrobromide (1.55 g, 6.15 mmol), potassium hydrogen
phosphate (K2HPO4) (2.14 g, 12.3 mmol) and KI (0.34 g, 2.05 mmol). After the reaction
mixture was refluxed overnight, the solvent was removed, water (30 mL) was added and
pH was adjusted to approximately 9. The crude product was extracted with EtOAc (3 ×
50 mL) and dried over MgSO4. Flash chromatography on basic alumina (2:3
EtOAc/hexanes) yielded 10 as yellow solid (0.653 g, 75.4 %). Mp = 90-91 °C. 1H NMR
(400 MHz, CDCl3) δ 8.55 (s, 2 H), 7.52 (t, J = 4.0 Hz, 2 H), 7.17-7.11 (m, 6 H), 6.97 (d,
J = 8.0 Hz, 2 H), 6.68 (m, 3 H), 6.60 (d, J = 8.0 Hz, 2 H), 4.64 (d, J = 8.0 Hz, 4 H), 3.73
(s, 4 H), 2.20 (s, 3 H).

13

C NMR (400 MHz, CDCl3) δ 159.47, 159.26, 149.85, 149.79,

147.96, 145.82, 136.90, 130.19, 129.65, 126.40, 122.18, 122.15, 121.15, 121.04, 117.07,
112.39, 57.54, 57.28, 49.08, 48.98, 20.38. IR (KBr pellet, cm-1) 1616, 1590, 1570, 1520,
1505, 1475, 1459, 1445, 1431, 1386, 1344, 1211, 1167, 994, 941. HRMS (+ESI): Calcd.
for MH+, 409.2392; Found, 409.2389.
(4,5-Dimethoxy-2-nitrophenyl)(4-((pyridin-2-ylmethyl)(2-((pyridin-2ylmethyl)(para-tolyl)amino)ethyl)amino)phenyl)methanol

(MonoCast,

3).

Trimethylsilyl trifluoromethanesulfonate (TMSOTf) (0.74 mL, 4.08 mmol) and 2,6132
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lutidine (0.63 mL, 5.44 mmol) were added successively to a mixture of 10 (0.575 g, 1.36
mmol) and 6-nitroveratraldehyde (11, 0.374 g, 1.76 mmol) in CH2Cl2 (40 mL). The
resulting solution was stirred for 6 h and then tetrabutylammonium fluoride (TBAF) in
THF (1 M, 4.1 mL, 4.08 mmol) was added to the reaction mixture. After 1 h the solvent
was removed under reduced pressure and the solvent was removed. Flash
chromatography on basic alumina (1:4 hexanes/EtOAc) afforded 3 as a yellow solid
(0.632 g, 75.0 %). Mp = 136-137 °C. 1H NMR (400 MHz, CDCl3) δ 8.52 (s, 2 H), 7.58
(s, 1 H), 7.51 (t, J = 4.0 Hz, 2 H), 7.39 (s, 1 H), 7.11-7.05 (m, 6 H), 6.95 (d, J = 8.0 Hz, 2
H), 6.57 (d, J = 8.0 Hz, 4 H), 6.45 (d, J = 4.0 Hz, 1 H), 4.59 (d, J = 4.0 Hz, 4 H), 3.94 (s,
3 H), 3.91 (s, 3 H), 3.69 (s, 4 H), 2.86 (d, J = 4.0 Hz, 1 H), 2.19 (s, 3 H). 13C NMR (400
MHz, CDCl3) δ 159.33, 158.91, 153.55, 149.82, 149.72, 147.87, 147.63, 145.67, 140.10,
136.96, 135.02, 130.52, 130.19, 128.68, 126.45, 122.25, 122.19, 121.15, 120.99, 112.67,
112.12, 110.31, 108.30, 71.45, 57.46, 57.13, 56.63, 56.55, 48.97, 20.37. IR (KBr pellet,
cm-1) 3105, 1596, 1570, 1520, 1507, 1470, 1433, 1360, 1335, 1276, 1248, 1235, 1211,
1159, 1066, 1027. HRMS (+ESI): Calcd. for MH+, 620.2828; Found, 620.2819.
(4,5-Dimethoxy-2-nitrosophenyl)(4-((pyridin-2-ylmethyl)(2-((pyridin-2ylmethyl)(para-tolyl)amino)ethyl)amino)phenyl)methanone

(MonoUnc,

12).

Photolysis of 3 (57 mg, 0.92 mmol) in 3 mL of CH3CN and chromatography on basic
alumina (1:1 EtOAc/hexanes) yielded MonoUnc as an orange oil (26 mg, 47 %). 1H
NMR (400 MHz, CDCl3) δ 8.53 (t, J = 8.0 Hz, 2 H), 7.66 (d, J = 8.0 Hz, 2 H), 7.53 (q, J
= 4.0 Hz, 2 H), 7.13-7.08 (m, 4 H), 7.02-6.96 (m, 3 H), 6.59 (t, J = 8.0 Hz, 4 H), 6.30 (s,
1 H), 4.66 (s, 2 H), 4.58 (s, 2 H), 4.01 (s, 3 H), 3.88 (s, 3 H), 3.79 (d, J = 4.0 Hz, 2 H),
3.72 (d, J = 4.0 Hz, 2 H), 2.20 (s, 3 H).

13

C NMR (400 MHz, CDCl3) δ 193.99, 160.05,
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159.05, 157.52, 156.01, 152.23, 150.16, 150.09, 149.78, 145.60, 140.14, 137.12, 136.96,
132.90, 130.28, 127.73, 126.93, 122.57, 122.31, 121.33, 120.81, 112.97, 111.19, 109.82,
91.90, 57.67, 77.55, 77.23, 76.92, 57.67, 57.00, 56.91, 56.42, 49.08, 48.80, 20.39. IR
(KBr, cm-1) 2926, 1611, 1590, 1570, 1463, 1434, 1328, 1268, 1207, 1179, 1062, 908,
796. HRMS (+ESI): Calcd. for MH+, 602.2767; Found, 602.2771.
N,N’-diphenyl-N,N’-bis(pyridin-2-ylmethyl)ethane-1,2-diamine (14). Synthesis of
14 followed the same procedure as 10 using compound 13 (1.01g, 4.76 mmol), 2(bromomethyl)pyridine hydrobromide (3.00g, 11.9 mmol), potassium hydrogen
phosphate (K2HPO4) ( 4.14 g, 23.8 mmol) and KI (0.789 g, 4.76 mmol). Flash
chromotography on basic alumina using a solvent gradient (1:2 to 3:2 EtOAc/hexanes)
afforded 14 as a white crystalline solid (1.26 g, 64.9 %). Mp = 141-142 °C. 1H NMR
(400 MHz, CDCl3) δ 8.56 (d, J = 8.0 Hz, 2 H), 7.54 (t, J = 8.0 Hz, 2 H), 7.18-7.12 (m, 8
H), 6.70-6.67 (m, 6 H), 4.66 (s, 4 H), 3.76 (s, 4 H).

13

C NMR (400 MHz, CDCl3) δ

159.20, 149.87, 147.95, 16.93, 129.67, 122.21, 121.07, 117.16, 112.43, 57.29, 48.90. IR
(KBr pellet, cm-1) 1597, 1588, 1571, 1506, 1469, 1443, 1432, 1394, 1351, 1341, 1215,
1170, 991, 941, 750. HRMS (+ESI): Calcd. for MH+, 395.2236; Found, 395.2221.
((Ethane-1,2-diylbis((pyridin-2-ylmethyl)azanediyl))bis(4,1-phenylene))bis((4,5dimethoxy-2-nitrophenyl)methanol) (DiCast-1, 4). Synthesis of DiCast-1 followed the
same procedure as MonoCast using 14 (0.310 g, 0.759 mmol), 11 (0.353 g, 1.51 mmol),
2,6-lutidine (0.62 mL, 5.31 mmol), TMSOTf (0.69 mL, 3.80 mmol), and 1 M TBAF
(4.54 mmol). Flash chromatography on basic alumina (1:99 MeOH/EtOAc) yielded
DiCast-1 as an orange solid (0.398 g, 64.2 %). Mp = 106-108 °C. 1H NMR (400 MHz,
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CDCl3) δ 8.50 (d, J = 4.0 Hz, 2 H), 7.57 (s, 2 H), 7.50 (t, J = 8.0 Hz, 2 H), 7.42 (s, 2 H),
7.11-7.03 (m, 8 H), 6.54 (d, J = 8.0 Hz, 4 H), 6.44 (d, J = 4.0 Hz, 2 H), 4.48 (s, 4 H), 3.94
(s, 6 H), 3.90 (s, 6 H), 3.65 (s, 4 H), 3.16 (d, J = 4.0 Hz, 2 H).

13

C NMR (400 MHz,

CDCl3) δ 158.80, 153.58, 149.76, 147.87, 147.50, 140.08, 137.09, 135.05, 130.90,
128.75, 122.33, 121.02, 112.23, 110.28, 108.34, 71.39, 57.11, 56.64, 56.55, 48.94. IR
(KBr pellet, cm-1) 3510, 1611, 1571, 1517, 1462, 1437, 1392, 1330, 1271, 1215, 1179,
1063, 911. HRMS (+ESI): Calcd. for MH+, 817.3197; Found, 817.3338.
((Ethane-1,2-diylbis((pyridin-2-ylmethyl)azanediyl))bis(4,1-phenylene))bis((4,5dimethoxy-2-nitrosophenyl)methanone) (DiUnc-1, 15). Photolysis of 4 (57 mg, 0.070
mmol) and flash chromatography on basic alumina (EtOAc) afforeded DiUnc-1 as a
yellow oil (12 mg, 22 %). 1H NMR (400 MHz, CDCl3) δ 8.52 (d, J = 4.0 Hz, 2 H), 7.67
(d, J = 8.0 Hz, 4 H), 7.56 (t, J = 8.0 Hz, 2 H), 7.14 (t, J = 8.0 Hz, 2 H), 7.08 (s, 2 H), 7.03
(d, J = 8.0 Hz, 2 H), 6.60 (d, J = 8.0 Hz, 4 H), 6.31 (s, 2 H), 4.65 (s, 4 H), 4.01 (s, 6 H),
3.88 (s, 6 H), 3.84 (s, 4 H).

13

C NMR (400 MHz, CDCl3) δ 194.10, 160.05, 157.18,

156.08, 151.97, 150.24, 150.17, 139.94, 137.23, 132.95, 128.14, 122.78, 121.02, 111.45,
111.21, 109.81, 107.07, 91.97, 57.03, 56.88, 56.43, 48.84. IR (KBr) 1608, 1587, 1514,
1452, 1381, 1327, 1267, 1217, 1180, 1061, 1023, 1003, 819, 795, 758 cm-1. (+ESI):
Calcd. for MH+, 781.2986; Found, 781.3120.
N,N'-(pyridine-2,6-diylbis(methylene))dianiline (17). Synthesis of 17 followed the
same procedure as 10 using 16 (2.16 g, 8.15 mmol), aniline (2.23 mL, 24.4 mmol),
K2HPO4 (5.68 g, 32.6 mmol) and KI (1.35 g, 8.15 mmol). The product was extracted with
CH2Cl2 instead of EtOAc. Flash chromatography on silica using a solvent gradient (1:4 to
2:3 EtOAc-hexanes) yielded 17 as a yellow oil (1.08 g, 45.8 %). 1H NMR (400 MHz,
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CDCl3) δ 7.58 (t, J = 8.0 Hz, 1 H), 7.22-7.16 (m, 6 H), 6.74 (t, J = 8.0 Hz, 2 H), 6.68 (d, J
= 8.0 Hz, 4 H), 4.73 (s, 2 H), 4.47 (s, 4 H).

13

C NMR (400 MHz, CDCl3) δ 158.28,

148.11, 137.42, 129.46, 120.06, 117.83, 113.27, 49.45. IR (KBr, cm-1) 3414, 3050, 1603,
1575, 1506, 1455, 1429, 1317, 1260, 1179, 749, 692. HRMS (+ESI): Calcd. for MH+,
290.1657; Found, 290.1615.
N,N'-(pyridine-2,6-diylbis(methylene))bis(N-(pyridin-2-ylmethyl)aniline) (18). 2Pyridinecarboxaldehyde (1.05 mL, 18.4 mmol) and 17 (1.07 g, 3.69 mmol) were
combined in CH2Cl2 (40 mL) with sodium triacetoxyborohydride (2.35 g, 18.4 mmol).
After 24 h, the reaction mixture was washed with saturated NaHCO3 (40 mL) and
saturated NaCl (40 mL). The solvent was removed and recrystallization from EtOAc
yielded 18 as a white solid (0.883 g, 50.7 %). Mp = 181-182 °C. 1H NMR (400 MHz,
CDCl3) δ 8.58 (d, J = 4.0 Hz, 2 H), 7.61-7.51 (m, 3 H), 7.25 (d, J = 8.0 Hz, 2 H), 7.177.11 (m, 8 H), 6.72-6.68 (m, 6 H), 4.81 (s, 4 H), 4.78 (s, 4 H).

13

C NMR (400 MHz,

CDCl3) δ 159.12, 159.07, 149.91, 148.49, 137.80, 137.00, 129.51, 122.21, 121.01,
119.33, 117.40, 112.69, 57.47, 57.45. IR (KBr pellet, cm-1) 1600, 1593, 1570, 1506,
1461, 1388, 1348, 1245, 1225, 1181, 986, 946, 780, 756, 744. HRMS (+ESI): Calcd. for
MH+, 472.2501; Found, 472.2474.
(((Pyridine-2,6-diylbis(methylene))bis((pyridin-2-ylmethyl)azanediyl))bis(4,1phenylene))bis((4,5-dimethoxy-2-nitrophenyl)methanol) (DiCast-2, 5). A solution of
18 (0.362 g, 0.767 mmol) and 11 (0.356 g, 1.53 mmol) in CH2Cl2 was cooled to 0 °C, and
2,6-lutidine (0.62 mL, 5.36 mmol) and TMSOTf (0.695 mL, 3.83 mmol) were added. The
reaction mixture was stirred overnight, and TBAF (1 M, 4.6 mL, 4.6 mmol) was added.
After 1 h the solvent was removed under reduced pressure and the solvent was removed.
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Recrystallization from CH3OH yielded DiCast-2 as a yellow crystalline solid (0.205 g,
30.0 %). Mp = 134-136 °C. 1H NMR (400 MHz, CDCl3) δ 8.53 (d, J = 4.0 Hz, 2 H), 7.79
(d, J = 4.0 Hz, 2 H), 7.64-7.57 (m, 5 H), 7.31 (d, J = 8.0 Hz, 2 H), 7.16-7.19 (m, 6 H),
7.04 (t, J = 8.0 Hz, 2 H), 6.86 (s, 2 H), 6.53 (d, J = 4.0 Hz, 2 H), 6.20 (d, J = 8.0 Hz, 2 H),
4.80-4.53 (m, 4 H), 3.98 (s, 3 H), 3.96 (s, 3 H), 3.89 (s, 6 H), 3.54-3.49 (m, 4 H).

13

C

NMR (400 MHz, CDCl3) δ 160.41, 160.31, 155.88, 153.57, 149.04, 148.96, 147.42,
139.75, 137.91, 137.91, 137.28, 136.57, 131.99, 131.90, 128.62, 122.15, 120.77, 119.80,
112.94, 109.82, 108.34, 71.22, 57.47, 56.67, 56.62, 56.54, 55.10. IR (KBr pellet, cm-1)
3280, 1612, 1576, 1520, 1436, 1384, 132, 1270, 1217, 1179, 1062, 815, 796, 749. HRMS
(+ESI): Calcd. for MH+, 894.3463; Found, 894.2460.
(((Pyridine-2,6-diylbis(methylene))bis((pyridin-2-ylmethyl)azanediyl))bis(4,1phenylene))bis((4,5-dimethoxy-2-nitrosophenyl)methanone)

(DiUnc-2,

19).

Photolysis of 5 (54 mg, 0.060 mmol) and chromatography on silica (1:99 CH3OHCH2Cl2) lead to isolation of DiUnc-2 as a yellow oil (10 mg, 19 %). 1H NMR (400 MHz,
CDCl3) δ 8.54 (d, J = 4.0 Hz, 2 H), 7.65 (d, J = 12.0 Hz, 4 H), 7.60-7.55 (m, 3 H), 7.177.04 (m, 8 H), 6.61 (d, J = 8.0 Hz, 4 H), 6.28 (s, 2 H), 4.79 (s, 4 H), 3.99 (s, 3 H), 3.86 (s,
3 H), 3.62-3.57 (m, 10 H). 13C NMR (400 MHz, CDCl3) δ 194.12, 160.07, 157.79, 157.
54, 156.08, 152.86, 150.20, 150.14, 138.12, 137.20, 132.74, 128.21, 122.65, 120.96,
119.76, 111.77, 109.83, 91.88, 60.63, 57.32, 57.04, 56.44.
Diethyl 2,2'-((pyridine-2,6-diylbis(methylene))bis(phenylazanediyl))diacetate (20).
Synthesis of 20 followed the same procedure as 10 using 17 (0.930 g, 3.21 mmol), ethyl
bromoacetate (0.85mL, 23.3 mmol), K2HPO4 (3.36 g, 19.3 mmol), and KI (0.533 g, 3.21
mmol). The product was extracted with CH2Cl2 instead of EtOAc. Flash chromotography
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on silica with a solvent gradient (1:4 to 2:3 EtOAc-Hex) yielded 10 as a yellow oil (1.15
g, 77.4 %). 1H NMR (400 MHz, CDCl3) δ 7.52 (t, J = 8.0 Hz, 1 H), 7.24-7.17 (m, 6 H),
6.75 (t, J = 8.0 Hz, 2 H), 6.66 (d, J = 8.0 Hz, 4 H), 4.73 (s, 4 H), 4.24-4.17 (m, 8 H), 1.26
(t, J = 8.0 Hz, 6 H).

13

C NMR (400 MHz, CDCl3) δ 171.22, 159.02, 148.29, 137.79,

129.45, 119.52, 117.93, 112.65, 61.30, 58.43, 53.85, 14.45. IR (KBr pellet, cm-1) 1744,
1598, 1575, 1504, 1447, 1383, 1346, 1260, 1177, 1023, 990, 958, 746, 690. HRMS
(+ESI): Calcd. for MH+, 462.2393; Found, 462.2395.
Diethyl-2,2'-((pyridine-2,6-diylbis(methylene))bis((4-((4,5-dimethoxy-2nitrophenyl)(hydroxy)methyl)phenyl)azanediyl))diacetate (21). A solution of 20
(0.139 g, 0.301 mmol) and 11 (0.127 g, 0.602 mmol) in 10 mL of CH2Cl2 was cooled to 10 °C and 2,6-lutidine (868 µL, 0.602 mmol) and TMSOTf (135 µL, 0.602 mmol) were
added over 1 h. The resulting solution was stirred for 6 h and then TBAF in THF (1 M,
1.8 mL, 1.8 mmol) was added to the reaction mixture. After 1 h the solvent was removed
under reduced pressure. Recrystallization from CH3OH yielded 21 as a yellow crystalline
solid (0.130 g, 48.9 %). Mp = 79-81 °C. 1H NMR (400 MHz, CDCl3) δ 7.58 (s, 2 H),
7.50 (t, J = 8.0 Hz, 1 H), 7.39 (s, 2 H), 7.16-7.09 (m, 6 H), 6.51 (d, J = 8.0 Hz, 4 H), 6.44
(s, 2 H), 4.65 (s, 4 H), 4.17 (q, J = 8.0 Hz, 4 H), 4.03 (d, J = 8.0 Hz, 4 H), 3.95 (s, 6 H),
3.91 (s, 6 H), 2.76 (s, 2 H), 1.23 (t, J = 8.0 Hz, 6 H).

13

C NMR (400 MHz, CDCl3) δ

171.22, 158.55, 153.54, 148.05, 147.87, 140.11, 137.81, 134.91, 131.39, 128.45, 119.65,
112.53, 110.31, 108.30, 71.48, 61.41, 58.07, 56.63, 56.56, 53.90, 14.44. IR (KBr pellet,
cm-1) 3513, 1731, 1611, 1575, 1513, 1461, 1385, 1267, 1205, 1178, 1060, 1022, 984,
960. HRMS (+ESI): Calcd. for MH+, 884.3354; Found, 884.3304.
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2,2'-((Pyridine-2,6-diylbis(methylene))bis((4-((4,5-dimethoxy-2nitrophenyl)(hydroxy)methyl)phenyl)azanediyl))diacetic acid (DiCast-3, 6). To a
solution of 21 (0.080 g, 0.090 mmol) in THF (1 mL) was added 1 M KOH (0.27 mL, 0.27
mmol) and 1 mL of H2O. The resultant solution was stirred overnight at room
temperature, 10 mL of water was added and product was precipitated by a drop wise
addition of acetic acid until no more solid formed. The resulting yellow solid was
collected by filtration and dried under nitrogen (0.026 g, 65 %). Mp = 169-171 °C. 1H
NMR (400 MHz, DMSO) 7.55-7.47 (m, 5 H), 7.27 (d, J = 8 Hz, 2 H), 6.87 (d, J = 8.0 Hz,
4 H), 6.35 (d, J = 8.0 Hz, 4 H), 4.52 (s, 4 H), 3.92 (s, 6 H), 3.85 (s, 6 H), 3.53 (s, 4 H).
13

C NMR (400 MHz, DMSO) δ 171.78, 159.71, 152.84, 148.46, 147.00, 139.31, 135.84,

129.72, 127.56, 118.85, 111.04, 109.94, 107.72, 79.16, 69.33, 58.01, 56.70, 56.05, 55.99.
IR (KBr pellet, cm-1) 3382, 1575, 1513, 1452, 1382, 1326, 1268, 1215, 1179, 1060, 1024,
983, 817, 795, 746. HRMS (+ESI): Calcd. for MH+, 828.2728; Found, 828.2774.
2,2'-((Pyridine-2,6-diylbis(methylene))bis(phenylazanediyl))diacetic

acid

(23).

Deprotection of 22 (0.59 g, 1.3 mmol) followed the same procedure as 21 using 1 M
KOH (5.1 ml, 5.1 mmol). After precipitation and drying, 23 was obtained as a white solid
(0.41 g, 80 %). Mp = 199-201 °C. 1H NMR (400 MHz, DMSO) δ 7.77 (t, J = 8.0 Hz, 1
H), 7.35 (d, J = 8 Hz, 2 H), 7.09 (t, J = 8.0 Hz, 4 H), 6.63 (t, J = 8 Hz, 2 H), 6.48 (d, J = 8
Hz, 4 H), 4.70 (s, 4 H), 4.28 (s, 4 H).

13

C NMR (400 MHz, DMSO) δ 172.60, 158.59,

147.38, 138.62, 129.01, 119.99, 116.70, 111.80, 56.91, 54.00. IR (KBr pellet, cm-1) 1570,
1504, 1450, 1391, 1349, 1322, 1295, 1229, 1179, 988, 958, 898, 784, 770, 745, 690.
HRMS (+ESI): Calcd. for MH+, 406.1767; Found, 406.1770.
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[Zn(18)][Zn(NO3)4]. The ligand 18 (20.0 mg, 0.042 mmol) was combined
Zn(NO3)2·4H2O (22.0mg, 0.084 mmol) in 1:1 CH3CN/CH2Cl2 and refluxed for 2 h.
Colorless blocks where obtained by vapor diffusion with diethyl ether. IR (KBr pellet,
cm-1) 3060, 2388, 1614, 1587, 1495, 1467, 1440, 1380, 1353, 1321, 1286, 1259, 1186,
1161, 1126, 1100, 1060, 1032, 1015, 982, 934, 898, 838, 812.
[Zn3K(23)2(H2O)Cl3]. The ligand 23 was washed with concentrated solution of KOH
in EtOH and dried. Stock solutions of 23 (135 µL, 0.0839 M, 0.011 mmol) and ZnCl2 (75
µL, 0.182 M, 0.014 mmol) in CH3CN, were combined with pyridine (3.5 µL, 0.044
mmol). The solution was diluted with 1 mL of CH3CN and placed in diffusion chamber
with hexanes to provide colorless needles. IR (KBr pellet, cm-1) 3586, 3066, 2890, 2323,
2166, 2036, 1646, 1625, 1599, 1576, 1497, 1467, 1441, 1410, 1385, 1327, 1289, 1261,
1243, 1207, 1162, 1134, 1096, 1026, 932, 888, 844.
Binding Constants. Absorption spectra were recorded on a Cary 50 UV-visible
spectrophotometer run under Varian’s Cary WinUV software. All spectra were acquired
at 25 °C in quartz cuvettes with path length of 1 cm and cell volume of 3.0 mL. Stock
solutions of photocages were prepared at mM concentrations in DMSO and diluted to
prepare 25 μM solutions in the solvent of choice. All metal binding constants were
determined by previously described procedures. Aqueous stock solutions of the metal
perchlorate salts of Cu2+, Zn2+ and Cd2+ were prepared in mM concentrations. A 25 μM
solution of the ligand was prepared in 3000 μL of the solvent and titrated in triplicate
with each of the metal salt stock solutions. Absorbtion spectra were corrected for dilution
and the conditional dissociation constants (Kd) were calculated using XLfit.28
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3.7.2. Collection and Reduction of X-Ray Data
Structural analysis was carried out in the X-Ray Crystallographic Facility at Worcester
Polytechnic Institute. Crystals were covered in paratone oil on 100 μ MiTeGen polyimide
micromounts or glued on tip of a glass fiber and were mounted on a Bruker-AXS APEX
CCD diffractometer equipped with an LT-II low temperature device. Diffraction data
were collected at room temperature or at 100(2) K using graphite monochromated
Mo−Kα radiation (λ = 0.71073 Ǻ) using the omega scan technique. Empirical absorption
corrections were applied using the SADABS program.29 The unit cells and space groups
were determined using the SAINT+ program.29 The structures were solved by direct
methods and refined by full matrix least-squares using the SHELXTL program.29
Refinement was based on F2 using all reflections. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms on carbon atoms were all located in the difference maps
and subsequently placed at idealized positions and given isotropic U values 1.2 times that
of the carbon atom to which they were bonded. Hydrogen atoms bonded to oxygen atoms
were located and refined with isotropic thermal parameters. Mercury 1.4.2 software was
used to examine the molecular structure.30 Relevant crystallographic information is
summarized in Table 1, selected bond distances and angles are provided in Tables 3.2 and
3.3, and the 50% thermal ellipsoid plot is shown in Figure 3.2 and 3.3.
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Figure 3.4. Prospective view of DiCast-2 model complex [Zn(18)][Zn(NO3)4] showing 50%
thermal ellipsoids and selected atom labels. Hydrogen atoms and [Zn(NO3)4]2- are omitted for
clarity.
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Figure 3.5. Prospective view of DiCast-3 model complex [Zn3K(23)2(H2O)Cl3] showing 50%
thermal ellipsoids and selected atom labels. Hydrogen atoms are omitted for clarity.
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4.1. Introduction
Nickel is an essential metal nutrient that functions as a catalytic cofactor of
enzymes found in bacteria, fungi, and plants.1,2 Nickel-dependent enzymes include:
urease,

hydrogenase,

carbon

monoxide

dehydrogenases,

acetyl-coenzyme

A

decarbonylase/synthase, methyl coenzyme M reductase, superoxide dismutases and
glyoxylases, acireductone dioxygenase and methylenediurease.3 Many micorganisms that
utilize these enzymes play a significant role in supporting vitality of higher organisms
through symbiotic relationships4 or through participation in carbon5,6 and nitrogen7
cycles. Not all nickel utilizing microorganisms are advantageous however. Helicobacter
pylori, a microaerophilic bacterium that colonizes the gastric mucosa in humans, has been
linked to chronic gastritis, and gastric ulcers, gastric adenocarcinoma, and lymphoma.8
The survival of the bacterium is significantly dependent on Ni2+ homeostasis since two of
its critical enzymes: urease and hydrogenase, utilize Ni2+ for thier activity.9,10 The
mechanism of acid resistance for this pathogen has been tied to presence of surface
urease as well as inner-membrane urea permeability. 11 A complete understanding of Ni2+
transport and homeostasis in Helicobacter pylori and other pathogenic microorganisms
could enable an efficient eradication of the infection and possible prevention of serious
diseases.
Utilization of synthetic small molecules that are capable of light induced release
of Ni2+ in extracellular or intracellular environment would permit for introduction of free
nickel ions from biologically unavailable form of Ni2+ complex by means of photolysis.
Control over Ni2+ availability offers the ability to investigate physiological consequences
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resulting from augmentation of the exchangeable nickel pool. Pairing the metal
photoreleasing methods with Ni2+ chelating or Ni2+ sensing methods12 would provide a
powerful technique of [Ni2+] perturbation and detection. To develop Ni2+ binding
photocage

a

well

known

(carboxylmethyl)thioethyl]amine

mixed

donor

(CTEA)13

was

group
tethered

ligand
to

the

of

N,N-bis[2-

nitrobenzydrol

chromophore. Light induced formation of nitrosobenzophenone based photoscx
dfproduct (NiUnc) leads to decrease in electron density on the anilino nitrogen and
subsequent liberation of Ni2+ (Figure 1).

Figure 4.1. Uncaging and release of Ni2+ from Ni(NiCast) complex

4.2. Design and Synthesis
As a borderline metal ion, Ni2+ binds to both soft and hard ligands.14In nickel
containing enzymes, the metal ion is often coordinated to all S donors, or a mix of NxSy
or NxOy donors which stabilize low and high oxidation states of nickel.15 While Ni3+
requires presence of hard bases with donor abilities, Ni+ is stabilized by soft bases with
strong acceptor characteristics.16 The coordination chemistry of Ni2+, the intermediate
Lewis acid can accommodate ligands from both groups. Lack of ligand preference allows
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for utilization of a chelator like CTEA that includes N, S, and O donor groups. Inclusion
of the carboxylate groups in CTEA receptor insures solubility of the photocage in
aqueous media while presence of chelating thioethers eliminates competitive binding of
K+, Na+, and Mg2+.The synthetic route to prepare NiCast photocage is outlined in scheme
4.1. The preparation of CTEA receptor involved mesylation of N-phenyldiethanolamine
with mesyl chloride in dichloromethane and triethylamine and subsequent reaction of
obtained derivative 3 with methyl thioglycolate to give 4 in 52 % yield. To insure that the
complexed Ni2+ can be effectively released with light, a nitrobenhydrol chromophore was
introduced at the para position of the chelating aniline. The diester analog of NiCast cage
was obtained by previously outlined TMSOTf methodology and successive hydrolysis of
methyl esters with potassium hydroxide to afford NiCast (1) cage in 51% yield.

Scheme 4.1. Synthesis of NiCast

4.3. Metal Binding Properties
Nickel(II) forms a range of coordination geometries with coordination numbers
between 4 and 6 being the most common. The ion’s d8 configuration favors octahedral
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coordination17,18 but four-coordinate complexes are also common. Square-planar
geometries are prevalent with ligands of low steric hindrance and acid characteristics
while weak field ligands bring on tetrahedral geometry. The pentadentate Ni2+ complexes
commonly utilize an ion or solvent molecule to reach the octahedral geometry.19,20 While
the square planar geometry is also seen with mixed donor multidentate ligands 21, the
trigonal bipyramidal geometry is almost never observed with synthetic ligands22.
Coordination of Ni2+ with CTEA ligand results in formation of six 5-membared chelate
rings. While X-Ray quality crystals were not collected, the molecular structure of the
Ni(NiCast) complex is almost certainly octahedral where the metal ion is nested within
the NS2O2 pentadentate ligand with the sixth coordination site occupied by water
molecule or an ion. Similar ligand with NS2 binding pocket forms a neutral dinulclear
Ni(II) complex Ni2L2 with nearly square planar units where two bridging thiolate donors
bring the two polyhedra together in butterfly geometry.23 Such a coordination is however
unlikely for the Ni2+ complex with CTEA due to decreased ability for thioethers to form
oligomers. Pentadentate CTEA might however arrange the N and S donors in equatorial
positions of the complex octahedron.
Metal binding of NiCast to selected metal ions was evaluated in aqueous solution
(50 mM HEPES, 100 mM KCl, pH 7.0) using absorbance spectroscopy. The apo form of
NiCast has two characteristic absorption bands: an aniline derived λmax band at 270 nm
and a band of a lower intensity at 350 nm. Upon addition of Ni2+ ions, the formation of
Ni(NiCast) complex can be observed by decrease in intensity of the λmax charge-transfer
band and formation of a new absorption band at 250 nm. Moreover small increase in
intensity of the 350 nm band is also observed, but once equilibrium is established,
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addition of an excess amount of Ni2+ leads to formation of a new redshifted band at 390
nm (Figure 4.2). The excess nickel induced alteration of the Ni(NiCast) absorption profile
reflects changes in metal coordination. Absorption profiles for Cd2+ and Cu2+ complexes
with NiCast correlate with the profile of Ni(NiCast), however the redshifted band at 390
nm does not form.

Table 4.1. Binding properties of NiCast and NiUnc in water (50 mM HEPES, 100 mM KCl, pH
7.0).
Kd
M

2+

Ni

2+

Cd2+
Cu

2+

M(NiCast)

M(NiUnc)

Kd

560 ± 20 µM

18 ± 1 mM

32

240 ± 20 µM

NA

NA

13 ± 2 µM

10 ± 2 µM

1

The binding constant for Ni(NiCast) complex was determined to be 560 µM, a
value that is over two fold larger than the binding constant determined for Ni2+ complex
with a known sensor (Nickelsensor-1)13, indicating slight decrease in stability due to
nitrobenzhydryl chromophore. The affinity for Cd2+ ions is twofold higher with Kd = 240
µM, an effect that is most likely brought on by inclusion of oxygen donors as well as
flexibility of the chelator and consequential ability to accommodate larger ions. The
smallest of the three ions, experiences the highest affinity and the stability constant for
Cu(NiCast) complex was measured to be 13 µM. Low water solubility of NiCast
complex with Zn2+ prevented expansion of studied NiCast complexes to include other
metal ions. Titration of the NiCast photoproduct (Figure 4.3) allowed for determination
of the stability constants for M(NiUnc) complexes and permitted for calculation of the
change in affinity ∆Kd, a quantitative descriptor of reduction in metal affinity following
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photolysis, where ∆Kd = Kd M(NiCast) / Kd M(NiUnc). As seen with other cast
photocages which experience insignificant changes in Cu2+ affinity, the same is observed
for Cu2+ complex with NiCast.24 However photolysis of the Ni(NiCast) complex will lead
to release of free Ni2+ ions due 32-fold decrease in metal affinity. Decreased solubility of
the Cd(NiUnc) complex prevented determination of the stability constant for this
complex.

0.6
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Absorption

0.4
0.3
0.2
0.1
0
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Figure 4.2. Titration of 25 µM NiCast with Ni(ClO4)2 in water (50 mM HEPES, 100 mM KCl,
pH 7.0). Inset describes 1:1 binding isotherm.
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Figure 4.3. Titration of 25 µM NiUnc with Ni(ClO4)2 in water (50 mM HEPES, 100 mM KCl,
pH 7.0). Inset describes 1:1 binding isotherm.

The photochemical characteristics of the photocage were determined by
irradiation of 25 µM solution of NiCast in buffer (50 mM HEPES, 100 mM KCl, pH 7)
with 350 nm light. Intensity of the light source was calibrated by previously described
technique of iron oxalate actinometry.25 Quantum yield of photolysis for free NiCast
ligand was calculated to be φ = 2.1 ± 0.3 while the efficiency of photolysis for
Ni(NiCast) complex under the same conditions was increased to φ =

4.9 ± 0.9.

Photolysis with efficiencies that do not exceed 5% are typical of all cast type
photocages.26 Metal releasing concept employed in cast cages relies on modulation of
electron density on the donor nitrogen of aniline by the light induced formation of the
benzophenone. While the modulation of electron density on the anilino nitrogen is critical
for an effective metal release, the electron donating properties of the conjugated aniline
also appear to interfere with the process of photolysis by deactivation of aci-nitro
intermediate and decline in yield of this photoreaction.27
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In conclusion, a Ni2+ releasing photocage was prepared with high µM affinity that
can be successfully reduced 32-fold with 350 nm light. Solubility and stability of
Ni(NiCast) in buffered water are important attributes of this photocage toward potential
biological applications in studies of Ni2+ homeostasis but low quantum yield as well as
low Ni2+ affinity need to be addressed. Successful Ni2+ cage must have stability constant
that exceeds the ones of H. pylori transport proteins. Trace amounts of soluble Ni2+ in
human gut in combination with high demand for nickel in synthesis of NiFe-hydrogenase
and urease by H. pylori lead to development of high affinity nickel trafficking proteins.28
To avert competitive binding of nickel ions, the stability constant for the nickel cage
complex must reach or exceed nM values.

4.4. Experimental Section
4.4.1. General Synthetic Procedures
All reagents were purchased from Acros at the highest commercial quality and
used

without

further

purification

unless

otherwise

stated.

2-{[2-

(methanesulfonyloxy)ethyl](phenyl)amino}ethylmethanesulfonate (3) was synthesized
according to literature procedure.29 Dichloromethane (CH2Cl2), chloroform (CHCl3),
acetonitrile (CH3CN), and dioxane were sparged with argon and dried by passage through
a Seca Solvent Purification System. All chromatography and thin-layer chromatography
(TLC) were performed on silica (230-400 mesh) from Silicycle unless otherwise
specified. 1H and

13

C NMR spectra were recorded using a Bruker 400MHz NMR

instrument, and chemical shifts are reported in ppm on the δ scale relative to
tetramethylsilane. IR spectra were recorded on a Nicolet 205 FT-IR instrument, and the
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samples were prepared as KBr pellets or thin films on KBr plates. High resolution mass
spectra were recorded at the University of Connecticut mass spectrometry facility using a
micromass Q-Tof-2 mass spectrometer.
Methyl

2-{[2-({2-[(2-methoxy-2-

oxoethyl)sulfanyl]ethyl}(phenyl)amino)ethyl]sulfanyl}acetate

(4).

Methyl

thioglycolate (3.88 mL, 43.4 mmol) was dissolved in 400 mL of dry acetonitrile and then
anhydrous potassium carbonate (8.29 g, 60.0 mmol) was added. The mixture was brought
to reflux under nitrogen and stirred for 1 hour. Once the mixture was at room temperature
a solution of 3 (6.75 g, 20.0 mmol) in 200 mL of CH3CN was added dropwise. The
mixture was refluxed for 2 hours, cooled and filtered. The filter cake was washed with
CH3CN and evaporated to dryness. The resultant oil was chromatographed on silica with
1:4 EtOAc/Hexanes to afford 3.71 g (51.9 %) of pale yellow oil.
Methyl

2-{[2-({4-[(4,5-dimethoxy-2-nitrophenyl)(hydroxy)methyl]phenyl}({2-[(2-

methoxy-2-oxoethyl)sulfanyl]ethyl})amino)ethyl]sulfanyl}acetate

(5).

O-

nitroveratraladehyde (0.424 g, 2.01 mmol), 2,6-lutidene (1.38 mL, 11.9 mmol), and 4
(0.552 g, 1.54 mmol) were added to 100 mL of dichloromethane. To the stirring solution
under protection of nitrogen was added trimethylsilyl trifluoromethanesulfonate
(TMSOTf) (1.82 mL, 10.0 mmol) in one portion. The resulting solution was stirred for 4
hours at room temperature then washed with equal volume of brine, dried over
magnesium sulfate (MgSO4) , filtered, and evaporated to dryness. The oily residue was
dissolved in 25 mL of chloroform and to the resultant solution was added tetra-nbutylammonium fluoride trihydrate (TBAF) (1.40 g, 4 44 mmol) in one portion. After 1
hour the solvent was removed and the residue dissolved in 100 mL of 9:1 toluene/ethyl
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acetate, was washed with water (25 mL × 3), dried over MgSO4, filtered, and evaporated
to dryness. The product was purified with flush chromatography on silica with 6:10
EtOAc/Hexanes to afford 0.583 g (66.6%) of orange oil. 1H NMR(400 MHz, CDCl3) δ
7.59 (s, 1H), 7.40 (s, 1H), 7.15 (d, J = 8.0 Hz, 2H), 6.60 (d, J = 8.0 Hz, 2H), 6.45 (s, 1H),
3.97 (s, 3H), 3.92 (s, 3H), 3.71 (s, 6H), 3.52 (t, J = 8.0 Hz, 4H), 3.24 (s, 4H), 2.78 (t, J =
8.0 Hz, 4H).

13

C NMR (400 MHz, CDCl3) δ 171.0, 153.6, 147.9, 146.6, 140.2, 134.9,

130.5, 128.8, 112.0, 110.3, 108.4, 71.6, 56.7, 56.6, 52.7, 51.0, 33.6, 29.9. IR (neat, cm-1)
2950, 2014, 1737, 1720, 1701, 1608, 1576, 1513, 1456, 1435, 1395, 1354, 1319, 1299,
1269, 1217, 1193, 1156, 1062, 999, 930, 904, 877, 861, 829, 762, 715. HRMS (+ESI):
Calcd. For MH+, 569.1627; Found, 569.1614.
2-{[2-({2-[(carboxymethyl)sulfanyl]ethyl}({4-[(4,5-dimethoxy-2nitrophenyl)(hydroxyl)methyl]phenyl})amino)ethyl]sulfanyl}acetic acid (NiCast, 1).
In 2.0 mL of dioxane/methanol was dissolved 5 (52 mg, 0.0907 mmol) and to the
resultant solution was added 1.0 M potassium hydroxide (KOH) (454 µL, 0.454 mmol).
After 12 hours the solution was diluted with 10 mL of water and the pH was adjusted to
ca. 5 with 1 M HCl. The product was extracted with CH2Cl2 (10 mL × 2), dried over
MgSO4, filtered, and the solvent was removed under reduced pressure. Product was
isolated as orange oil (25.3 mg, 50.7 %).1H NMR(400 MHz, CD3OD) δ 7.54 (s, 1H), 7.45
(s, 1H), 7.00 (d, J = 8.0 Hz, 2H), 6.59 (d, J = 8.0 Hz, 2H), 6.33 (s, 1H), 3.89 (s, 3H), 3.82
(s, 3H), 3.49 (t, J = 8.0 Hz, 4H), 3.11 (s, 4H), 2.67 (t, J = 8.0 Hz, 4H).

13

C NMR (400

MHz, CD3OD) δ 178.2, 154.8, 149.1, 148.0, 141.4, 136.7, 131.6, 129.9, 112.8, 111.4,
109.3, 71.9, 56.9, 52.2, 38.4, 30.6. IR (neat, cm-1) 3353, 2925, 1575, 1511, 1459, 1382,
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1326, 1266, 1216, 1175, 1059, 984, 924, 794, 744. HRMS (-ESI): Calcd. 539.1158;
Found, 539.1123.
2-{[2-({2-[(carboxymethyl)sulfanyl]ethyl}({4-[(4,5-dimethoxy-2nitrosophenyl)carbonyl]phenyl})amino)ethyl]sulfanyl}acetic acid (NiUnc, 2). The 25
µM solution of NiCast in 3 mL of buffer (50 mM HEPES, 100 mM KCl, pH 7) was
irradiated with 350 nm light until no further changes in absorbed light intensity at λ = 365
nm were observed as visualized with UV-Vis spectroscopy.
4.4.2. General Spectroscopic Methods
All solutions were prepared with spectrophotometric grade solvents. HEPES (4(2-hydroxyethyl)- 1-piperazineethanesulfonic acid), KCl (99.5%) were purchased and
used as received. Absorption spectra were recorded on a Cary 50 UV-visible
spectrophotometer under the control of a Pentium IV-based PC running the manufacturer
supplied software package. Spectra were routinely acquired at 25 °C, in 1 cm path length
quartz cuvettes with a total volume of 3.0 mL. Photolysis experiments were performed at
25 °C, in 1 cm path length quartz cuvettes illuminated by a 150 W Xe lamp of a Hitachi
F-4500 spectrophotometer with emission wavelength set to 350 nm. Photoproducts were
obtained by placing NiCast solutions in 1 cm path length quartz cuvettes and irradiating
them using a Rayonet photoreactor equipped with 8 bulbs each emitting at 3500 Å.
Binding constants. Stock solutions of NiCast and the metal perchlorate salts of
Cu2+, Ni2+ and Cd2+ were prepared in mM concentration in spectrophotometric grade
CH3CN. A 25 μM solution of the ligand was prepared in 3000 μL of the solvent and
titrated in triplicate with each of the metal salt stock solutions. Absorbance spectra were
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corrected for dilution and the conditional dissociation constant (Kd) was calculated using
XLfit.30
Quantum yields. Photochemistry of the NiCast photocage was evaluated by
irradiating 25 µM solutions prepared in HPLC grade CH3CN. The change in
concentration of NiCast was evaluated by monitoring the absorption increase at 365 nm.
Quantum yields were calculated with the following formula:





where I is source intensity measured by iron oxalate actinometry and NA is Avogadro’s
number.
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5.1. Introduction
Advancing the field of inorganic biochemistry requires practitioners to develop
methodologies that actively manipulate systems rather than relying solely on observation.
Coupling techniques for manipulation with observation affords greater insight into the
underlying mechanisms of life. In addition to classic enzyme substrates and inhibitors,
fluorescent sensors and photochemical switches have been successfully applied to
observe and manipulate biological processes respectively.1 These tools take advantage of
photochemical phenomena since light is orthogonal to most native biological stimuli and
signals and have become indispensable for studying cellular homeostasis, signal
transduction, and metabolism.
Metal ions trigger, mediate and terminate numerous biological processes, so studying
metal ion homeostasis, transport, regulation and signaling can enhance knowledge of
basic physiology.2, 3 In addition to normal functions, circumstantial and direct evidence
indicate that disruption of metal ion biology causes various diseases. 4,

5

Fluorescent

sensors for Ca2+, Zn2+, Cu+ and other bioactive metal ions have become an increasingly
active area of research1, although the implementation of these probes in specific studies
lags behind new tool development. While the need for improved photochemical
properties and limited probe availability account for some of the delay in learning new
biology with fluorescent sensors, the lack of complementary reagents for delivering metal
ion analytes also limits the scope of biological experiments that can be executed.
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5.2. Light-driven metal ion delivery
There are very few actuators exist for use under physiologically relevant conditions;
however, photocages comprised of the bioactive compound appended to nitrobenzyl
chromophores are serviceable for delivering analytes irreversibly.6 The nitrobenzyl-based
technology also has been extended by the research groups of Roger Tsien and Graham
Ellis-Davies to include photocaged chelators that release metal ions upon exposure to
light.7 The corresponding photocaged complexes provided semi-quantitative control over
intracellular Ca2+ ([Ca2+]i) in an a manner superior to other methods. Previously [Ca2+]i
was manipulated by microinjection of calcium salts or increasing of cell permeability to
Ca2+, methods that lack the requisite specificity and reproducibility.8, 9 The development
and application of photocaged Ca2+ provides an important roadmap for developing
similar tools to study the emerging areas of transition metal homeostasis and signaling.
The photocaged chelators developed by Tsien and Ellis Davies borrow design
elements from Ca2+ fluorescent sensors that employ EGTA-based receptors (ethylene
glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic

acid)

to

impart

Ca2+-binding

selectivity.10 In contrast to fluorescent sensors, photocaged chelators need not possess
absolute metal ion binding selectivity if ligand exchange reactions are slow. In many
biological studies, the photocaged chelators often acquire Ca2+ from endogenous sources,
which requires a receptor with enhanced binding selectivity11; however, if cells can be
treated with the photocaged Ca2+ complex and the ligand exchange rate with competing
metal ions like Mg2+ is slow, the need for binding specificity can be mitigated. In
addition to some degree of selectivity, there are several other requirements for an
effective photocaged complex. The photocaged chelator must undergo an efficient
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photolysis reaction resulting in formation of photoproduct with significantly reduced
affinity for the metal ion. While the quantum yield for the photolysis reaction should be
high, the metal ion also must be released rapidly following irradiation to effectively
mimic biological processes. Photocages also should be soluble in aqueous solution and be
nontoxic both before and after uncaging.

5.3. Modulation of chelator donor groups to decrease metal ion binding
affinity
Two major design strategies for generating photocaged Ca2+ complexes have been
explored that would be potentially useful for designing systems for other metal ions. In
the Tsien systems, the nitrobenzyl group is linked to a BAPTA chelator (1,2-bis(oaminophenoxy)ethane-N,N,N’,N’- tetraacetic acid), an aniline-based surrogate of
EGTA.12 The metal ion release mechanism involves the conversion of a nitrobenzhydrol
moiety into a nitrosobenzophenone (Figure 5.1A), which introduces an electron
withdrawing carbonyl group para to an aniline-bound nitrogen ligand. With photocages
like Nitr-5, gradual increases in [Ca2+]i can be generated with a steady irradiation or in
step-like waves using intermittent light to trigger partial photolysis. During photolysis,
[Ca2+]i continuously re-equilibrates between the phtocaged chelator and the low affinity
photoproducts. Since every new equilibrium is established at rates in excess of 5 × 108 M1 -1

s , which is faster than the photolysis rate, [Ca2+]i rises smoothly.13, 14
The first generation of Nitr compounds based on this photocaging strategy was

limited in several respects. The quantum yields are relatively low (<5%), and the Ca2+
affinity only decreases approximately 40-fold after uncaging. While the initial step of the
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Figure 5.1. Structure and uncaging mechanism of the Ca2+ photocage Nitr-5 (A) and the
Zn2+ photocage ZinCast-1 (B). Light initiates a chemical reaction that transforms the
nitrobenzhydrol group (purple) into a nitrosobenzophenone (red). The carbonyl group para to the
aniline nitrogen atom weakens metal ion-ligand interaction, which shifts the equilibrium toward
the formation of unbound M2+.

photolysis proceeds on the ms time scale, the slow rate of photoproduct formation
(5─3000 s-1) limits the ability to mimic the rate of [Ca2+]i release.14 The consequence of
the slow Ca2+ release by Nitr-5 is the inability to study processes that are triggered by fast
changes in [Ca2+]i.15 In addition to low quantum yields, the Nitr-5, photoproduct
absorbance (apo,  = 24,000 M-1 cm-1; complexed,  = 10,000 M-1 cm-1) also reduces
photolysis efficiency due to competing absorption and decreased light permeability.
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These phenomena can be modeled, but doing so complicates analysis of biological
phenomena.

Figure 5.2. Next generation Ca2+ photocages Nitr-8 and Nitr-T that contain multiple nitrobenzyl
groups. While the uncaging mechanism is similar as that used for Nitr-5, the inclusion of a second
nitrobenzyl group increases the magnitude change in metal ion binding affinity by 2 orders of
magnitude.

To increase the change in Ca2+ binding after uncaging in the Nitr family of
photocages, both nitrogen atoms of the EGTA chelator can be converted into aniline
groups bearing the nitrobenzyl functionality. Nitr-8, the initial photocage to employ this
strategy, reportedly exhibits a 1600-fold decrease Ca2+ affinity upon uncaging16;
however, the detailed characterization was not reported. Nitr-T, the first new Nitr
photocage reported in over a decade, also employs multiple nitrobenzyl groups17. Nitr-T
has an initial Kd = 520 nM for Ca2+, the affinity changes >3000-fold upon uncaging with
a photolysis quantum yield of 12% (Figure 5.2). More detailed investigations with Nitr-T,
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may provide sufficient evidence that the Nitr photocaging strategy should be revisited
and expanded.
To facilitate the research in Zn2+ homeostasis and signaling, ZinCast photocaged
chelators were developed using the Nitr photocages as models. ZinCast compounds
exploit the nitrobenzhydrol photoactive group and uncaging strategy (Figure 5.1B), but
replace the carboxylate ligands with pyridine donors to impart selectivity for Zn 2+ over
Ca2+ and Mg2+.18 ZinCast-1 incorporates a dipicolylaniline (DPA) chelator and binds Zn2+
with Kd = 14 µM. While the two order of magnitude change in metal ion affinity is
greater than that measured for the analogous Ca2+ photocages, the quantum yields of
photolysis are similar. Comparative studies with related ZinCast as well as CrownCast
and FerriCast photocages provide important trends into ligand design-photocage property
relationships.19-23
The composite work on all the Cast series of photocages indicate chelators that bind a
metal ion tightly prior to photolysis exhibit negligible changes in binding affinity after
uncaging, whereas photocages possessing a significant decrease in binding strength after
uncaging only bind the metal ion weakly prior to photolysis. For a metal ion like Zn 2+
where homeostasis typically maintained at low levels (<M), a Cast complex would
perturb biological processes prior to uncaging or fail to deliver the metal ion after
photolysis depending on which of the two categories of photocage was employed. In
addition to metal ion binding, the mechanism of nitrobenzyl photolysis precludes the
likelihood of designing Cast photocages with high quantum yields.22 While photoactive
groups other than nitrobenzyl may allow the Nitr/Cast photocaging strategy to be
employed, preparing these compounds requires a lengthy synthesis.24
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5.4. Metal ion release by breaking carbon-heteroatom bonds
DM-nitrophen, developed by Graham Ellis-Davis, exemplifies the alternative
uncaging mechanism that involves ligand bifurcation.25, 26 By installing an amine ligand
from EDTA (ethylenediamine-N,N,N',N'-tetraacetic acid) on the methylene of the

Figure 5.3. Structure and uncaging mechanism of the Ca2+ photocage DM-Nitrophen and the
Zn2+ photocage ZinCleav-1 (B). Exposing the nitrobenzyl group to light breaks a carbon–nitrogen
bond, which fragments the chelator. The reduction in the chelate effect shifts the binding
equilibrium toward free metal ion.

nitrobenzyl group, the ligand fragments upon photolysis (Figure 5.3A), which reduces the
Ca2+ complex stability imparted by chelate effects. In contrast to Nitr photocages, DMnitrophen exhibits a high photolysis quantum yield (18%) and a significant change
(approximately 50,000-fold) in Ca2+ binding affinity after uncaging (from Kd = 7 nM to
Kd = 4 mM). Despite favorable photophysics and Ca2+-binding properties, investigations
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with DM-nitrophen also illustrate potential issues with receptor choice. The relevant
affinity of the cage for Mg2+ (Kd = 1.7 µM) requires biological studies to be carried out
under Mg2+ deplete conditions to insure that response to the photocage photolysis
corresponds to Ca2+ release since the [Mg2+]i is usually high.11
The second generation photocages, such as NP-EGTA (Figure 5.3), substitute the
EDTA chelator for the more Ca2+-selective EGTA receptor.27 NP-EGTA has a high
affinity for Ca2+ (Kd = 80 nM) and photolysis leads to rapid cleavage of the chelator
backbone with the concomitant formation of the photoproducts with low Ca2+ affinity (Kd
= ~1 mM). While the quantum yield of the NP-EGTA (23%) exceeds that of Nitr
compounds, the efficiency of photolysis is seriously limited by the compound’s
extremely low absorbance (975 M-1 cm-1). Development of the dimethoxy-o-nitrophenyl
derivative DM-NMPE (5,100 M-1 cm-1)

28

and the nitrodibenzylfuran derivative NDBF-

EGTA (18,400 M-1 cm-1) incrementally improved the Ca2+ uncaging efficiency (Figure
5.4).29
The quantum yield provides information about the number of photons required to
photolyze the photocage; however, a strong absorbance is equally important in limiting
the exposure of biological specimens to potentially harmful light. Uncaging involves
breaking a hydrogen-carbon bond, which requires high energy, near-UV irradiation. In
the early Tsien and Ellis-Davies systems, the dimethoxynitrobenzyl group provided the
most efficient uncaging at the longest wavelengths. NDBF-EGTA remains unique with
an exceptionally high quantum yield (70%) and extinction coefficient.29 More
importantly, NDBF-EGTA undergoes multi-photon absorption with light of 710 nm
whereas most nitrobenzyl-based photocages have weak two-photon cross sections.29
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Since two-photon techniques avoid the use of potentially harmful UV light, the
absorption properties and efficient uncaging in NDBF-EGTA provide a superior
photochemical tool for delivering Ca2+; however, expanding on this design strategy
would be greatly facilitated by improving the low yielding, multistep synthesis.

Figure 5.4. Additional photocages NP-EGTA, DM-NMPE and NDBT-EGTA that utilize the
same metal releasing strategy and DM-Nitrophen, but incorporate a more the Ca2+-selective
receptor EGTA. The dimethoxyl-o-nitrobenzyl and nitrodibenzylfuran increase the uncaging
efficiency because of superior light absorption. ZinCleav-2 builds on the ZinCleav-1 photocage
by using a higher affinity TPEN chelator.

In an analogous strategy to the development of ZinCast, ZinCleav photocages were
designed by replacing the carboxylate donors found in the DM-nitrophen series of Ca2+
photocages with pyridine groups. ZinCleav-1 utilizes a tetradentate EBAP (ethylene-bisα,α’-(2-aminomethyl)-pyridine) ligand that generates two weakly Zn2+ binding 2(aminomethyl)pyridine-based fragments (Kd ~ 40 mM) upon photolysis.30 The intact
photocage has a high affinity for Zn2+ (Kd = 0.2 pM), so there is a significant decrease in
metal binding affinity (~108-fold, Figure 5.3B). To more effectively sequester exogenous
Zn2+ from biomolecules, ZinCleav-2 (Figure 5.3), inspired by the high affinity metal ion
chelator TPEN (N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine), was prepared.31
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The affinity of ZinCleav-2 (Kd = 0.4 fM) approaches the limit for the highest affinity
Zn2+ sites in biology, and photolysis leads to a drastic decrease in metal ion affinity
(~108-fold). This design strategy has been equally effective in providing photocages for
Cu2+ and Cu+.32-34
Biological investigations using ZinCleav photocaged complexes have not been
reported, so efficacy in perturbing Zn2+-signaling pathways remains to be proven; in
addition, the reported quantum yields are lower than those for analogous Ca2+
photocages. While some of the photolysis inefficiency may be attributable to methods of
measurement, donor groups in the chelator may interfere with the uncaging mechanism, a
hypothesis similar to the explanation for the low quantum yields measured for Cast
photocages.31 Applying these photocages to problems in Zn2+ biology may also be more
difficult than using the corresponding Ca2+ systems. While photocages can acquire
intracellular Ca2+, a more tightly regulated homeostasis may preclude adopting a similar
strategy with Zn2+. Both ZinCleav-1 and ZinCleav-2 carry a 2+ charge when complexed,
and since cell membranes are hydrophobic, a more invasive technique may be required to
deliver the photocaged complex into cells.35

5.5. Conclusions
A fairly established methodology exists for delivering Ca2+ into biological systems
using photocaged complexes, and recently published work suggests the same will soon be
available for Zn2+. Despite the efficacy and familiarity of nitrobenzyl photoactive groups,
the corresponding photocages are imperfect for studying biological processes. There are
limitations on the spatial resolution of uncaging with one-photon techniques compared to
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two-photon processes.36 In addition, the cascade of chemical transformations that lead to
uncaging after the initial excitation of the nitrobenzyl group are slow relative to the speed
of biological signal transduction. There are some alternatives to classic nitrobenzyl
groups for designing photocages that address these issues, but none have been
successfully applied to photocaged complexes.37-39 Biological investigations using
existing photocages as well as the development of new strategies for designing
photocages represent significant opportunities to better understand metal ion signaling
and homeostasis.
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